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Abstract 
 
 
Cytochrome P450 enzymes are a super family of haem-containing mono-oxygenases 
which are found in all kingdoms of life. They show extraordinary diversity in their 
reaction chemistry and are involved in the biotransformation of a plethora of both 
exogenous and endogenous compounds.  
There has been a variety of approaches for the immobilisation of these biological redox 
systems and direct electrochemistry of these proteins can go towards providing 
biomimetic environments for fundamental studies together with a basis for designing 
devices without the need for electron transfer mediators.  
 
The incorporation of these proteins into mesoporous films or onto various electrode 
surfaces has generated interest due to the possibility of direct electron exchange 
between the proteins redox active sites and the host electrode. Here, two different P450 
protein systems were investigated. The water soluble P450cam or Cyp101, from the 
soil dwelling bacteria Pseudomonas Putida and Cyp6g1, a microsomal protein form the 
fruit fly Drosophila Melanogaster.  
 
In this work, firstly the Cyp101 proteins were expressed and purified from a microbial 
culture starting material. The various steps in the purification process freed the protein 
from a confining matrix followed by the separation of the protein and non-protein parts 
of the mixture. In the latter system the enzyme is already embedded into a microsomal 
unit, thus more likely to mimic a biologically active environment.   
 
The utilisation of methoxy-resorufin ether (MRES) is described as an electrochemical 
probe for investigating the activity of the microsomal protein. This substrate also 
exhibits fluorescent properties which provided a dual detection system for the enzymes 
activity. 
The work then went on to investigate the absorption and reactivity of Cyp101 in porous 
nanoparticulateTiO2 film electrodes and on an edge plane graphite electrode.   
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3 
1.1 The origins of Electrochemical Investigations of Biological 
molecules 
 
The Italian anatomist and physician Luigi Galvani was one of the first to investigate 
experimentally the phenomenon of what can be called bio electrochemistry.  In a series 
of experiments started around 1780, Galvani, working at the University of Bologna, 
found that the electric current delivered by a Leyden jar or a rotating static electricity 
generator would cause the contraction of the muscles in the leg of a frog and many 
other animals, either by applying the charge to the muscle or to the nerve. In the strange 
case of Galvani's frog, this twitching happened even when its legs were not in a direct 
circuit with the machine. Galvani had placed the lower section of a dissected frog on a 
table near a plate-type electrical machine.  
Then things occurred simultaneously causing Galvani to stop and wonder. An assistant 
was drawing a spark from the brass conductor of the electrical machine when a knife 
held in his hand touched the sciatic nerve passing through the lower part of the spine 
into the frog's legs. There was an immediate twitch of the muscles and a kick of the legs 
as if a severe cramp had set in. Galvani wrote, "While one of those who were assisting 
me touched lightly, and by chance, the point of his scalpel to the internal nerves of the 
frog, suddenly all the muscles of its limbs were seen to be so contracted that they 
seemed to have fallen into tonic convulsions” 1.  
Galvani knew that metals transmitted this mysterious substance called electricity, and 
came to the obvious conclusion that some kind of electricity which he called "animal 
electricity” was generated in the tissue of the frog and flowing through the metal 
skewer and fence, activated the frog's muscles. He distinguished this kind of electricity 
from "artificial electricity" generated by friction (static electricity) and from "natural 
electricity" such as lightning. He thought of "animal electricity" as a fluid secreted by 
the brain, and proposed that flow of this fluid through the nerves activated the muscles. 
Galvani's remarkable experiments helped to establish the basis for biological study in 
many areas. The paradigm shift was complete: nerves were not water pipes or channels, 
as Descartes and his contemporaries thought, but electrical conductors. Information 
within the nervous system was carried by electricity generated directly by the organic 
tissue. As the result of the experimental demonstrations carried out by Luigi Galvani 
and his followers, the electrical nature of the nerve-muscle function was unveiled. 
However, a direct proof could only be made when scientists could be able to measure 
4 
or to detect the natural electrical currents generated in the nervous and muscular cells. 
Galvani did not have the technology to measure these currents, because they were too 
small. 
 
Leland C. Clark had studied the electrochemistry of oxygen gas reduction at platinum 
metal electrodes, pioneering the use of the latter as an oxygen and therefore chemi- 
sensor. In fact, platinum electrodes used to detect oxygen electrochemically are often 
referred to generically as "Clark electrodes". More than almost any single invention, the 
Clark Oxygen Electrode has revolutionised the field of medicine for the past fifty years. 
This electrode remains the standard for measuring dissolved oxygen in biomedical, 
environmental, and industrial applications.  The electrode can measure blood oxygen 
levels rapidly enabling many thousands of life saving procedures such as open heart 
surgery and associated emergency care. Oxygen monitoring is now a requirement for 
hospital accreditation 2. It is also used to measure oxygen levels in rivers and oceans 
which may protect wildlife populations and monitor environmental pollution. 
 
The electrochemical reduction of oxygen was discovered by Heinrich Danneel and 
Walter Nernst in 1897 3. Polarography using dropping mercury was discovered 
accidentally by Jaroslav Heyrovsky in Prague in 1922 4. This method produced the first 
measured oxygen concentration values in plasma and blood in the 1940s. Brink, 
Davies, and Bronk implanted platinum electrodes into tissue to study oxygen supply, or 
availability, from about 1940, but these bare electrodes became poisoned or 
contaminated when immersed in blood 5.  
 
Leland Clark sealed a platinum cathode in glass and covered it first with cellophane; he 
then tested other membranes of polyethylene. In 1954 Clark conceived and constructed 
the first membrane covered oxygen electrode having both the anode and cathode behind 
a nonconductive polyethylene membrane. The limited permeability of polyethylene to 
oxygen reduced depletion of oxygen from the sample, making possible quantitative 
measurements of oxygen concentration in blood and many other solutions as well as 
gases. This invention led to the introduction of the modern blood gas analysis 
apparatus. These analysers are now found in most hospital emergency wards and in all 
biomedical laboratories. There is currently a great deal scientific interest in this kind of 
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technology and the investigation of biological molecules using electrochemical 
techniques has seen a significant increase in recent years.  
 
1.2 Metalloproteins in biological systems. 
 
In biochemistry, a metalloprotein is a generic term for a protein that contains a metal 
ion in its structure. The metal may be an isolated ion or may be coordinated with a 
nonprotein organic compound, such as the porphyrin found in haem proteins. In some 
cases, the metal is co-coordinated with a side chain of the protein and an inorganic 
nonmetallic ion. This kind of protein-metal-nonmetal structure is seen in iron-sulfur 
clusters. 
A living system controls its activity through enzymes. An enzyme is a protein molecule 
that is a biological catalyst with three characteristics. Firstly, the basic function of an 
enzyme is to increase the rate of a reaction. Secondly, most enzymes act specifically 
with one substrate to produce products. The third and most remarkable characteristic is 
that enzymes are regulated from a state of low activity to high activity and vice versa. 
The activity of an enzyme depends, at the minimum, on a specific protein chain. In 
many cases, the enzyme consists of the protein and a combination of one or more parts 
or cofactors. A cofactor is a non-protein substance which may be derived from an 
inorganic metal. 
The inorganic metal ions may be bonded through coordinate covalent bonds. The major 
reason for the nutritional requirement for minerals is to supply such metal ions as Zn+2, 
Mg+2, Mn+2, Fe+2, Cu+2, K+1, and Na+ for use in enzymes as cofactors . 
Proteins associated with metals serve many important biological functions. The amino 
acid residues provide the functional groups in a protein which are the potential ligands 
for a metallic ion. Metals impart various effects on protein structure and bring about 
overall structural stability. These effects are seen in quaternary, secondary and tertiary 
structures of the protein 6. 
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1.3 Cytochromes and Haem proteins 
 
Cytochromes are generally membrane-bound proteins that contain haem groups and 
carry out electron transport or catalyse reductive/oxidative or redox reactions. They are 
found in the mitochondrial inner membrane and endoplasmic reticulum of eukaryotes, 
in the chloroplasts of plants, in photosynthetic microorganisms, and in bacteria. 
 
The heam group is a highly conjugated ring system so its electrons are very mobile. 
The ring surrounds a metal ion, which readily interconvert between the oxidation states. 
For many cytochromes the metal ion present is that of iron which interconvert between 
Fe2+ (reduced) and Fe3+ (oxidized) states during electron-transfer processes. 
Cytochromes are thus capable of performing oxidation and reduction. Because the 
cytochromes, as well as other complexes, are held within membranes in an organized 
way, the redox reactions are carried out in a highly organised sequence for maximum 
efficiency. 
In the process of oxidative phosphorylation, which is the principal energy-generating 
process undertaken by organisms which need oxygen to survive, other membrane-
bound and soluble complexes and cofactors are involved in the chain of redox 
reactions, with the additional net effect that protons (H+) are transported across the 
mitochondrial inner membrane. The resulting transmembrane proton gradient is used to 
generate adenosine triphosphate (ATP), which is the universal chemical energy 
currency of life. ATP is consumed to drive cellular processes that require energy, such 
as rotation of flagella, transport of molecules across the membrane, and synthesis of 
macromolecules. ATP is an unstable molecule and tends to be hydrolysed in water. If 
ATP and ADP are in chemical equilibrium, almost all the ATP will be converted to 
ADP. Any system that is far from equilibrium contains potential energy, and is capable 
of doing work. Biological cells maintain the ratio of ATP to ADP at a point ten orders 
of magnitude from equilibrium, with ATP concentrations a thousand fold higher than 
the concentration of ADP. This displacement from equilibrium means that the 
hydrolysis of ATP in the cell releases a great amount of energy 7.  
 
Several kinds of cytochrome exist and can be distinguished by way of spectroscopy, 
structure of the heam group, inhibitor sensitivity, and reduction potential: 
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Heam proteins have an extraordinary number of different functions in life processes 
including oxygen and electron transport, charge separation in photosynthesis and 
catalysis in the synthesis and breakdown of chemicals in the cell. All of these functions 
are based on an iron atom coordinated by a porphyrin and one or two axial ligands from 
the protein 7.  
 
             
             Haemoglobin                 
 
          
            Chlorophyll 
 
Figure 1 Two examples of metal centred proteins (adapted from Alberts 2001)  
  
Prosthetic groups differ from cofactors in being tightly, often covalently, bound to a 
particular enzyme molecule, two example of which are shown in figure 1. Heam, which 
is found in cytochromes and haemoglobin, and carries oxygen and/or electrons. 
Another example of a metal centred protein can be found in Chlorophyll which is the 
molecule that absorbs sunlight and uses its energy to synthesise carbohydrates from 
CO2 and water.  
 
Haemoglobin 
 
Haemoglobin (Hb) is the iron-containing oxygen-transport metalloprotein in the red 
cells of the blood in mammals and other animals. Haemoglobin in vertebrates transports 
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oxygen from the lungs to the rest of the body, such as to the muscles, where it releases 
the oxygen load. Haemoglobin also has a variety of other gas transport and effect 
modulation functions, which vary from species to species, and which in invertebrates 
may be quite diverse 8. 
 
 
 
 
Figure 2 Diagrammatic representation of a haemoglobin molecule (Da Silva 
2001) 
 
The four globin components consisting, of two alpha chains and two beta 
chains, are shown in figure 2 as blue, turquoise, green, and yellow, and the four 
haem groups are shown in red with the iron atoms in purple.  
Another example is a small heam protein found loosely associated with the inner 
membrane of the mitochondrion. Cytochrome C is a soluble protein, unlike 
other cytochromes, and is an essential component of the electron transfer chain. 
It is capable of undergoing oxidation and reduction, but does not bind oxygen. It 
transfers electrons between Complexes III and IV of the electron transport chain 
9. 
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Cytochrome c 
 
 
 
Figure 3 Diagrammatic representation of Cytochrome C. (Da Silva 2001) 
Shown in blue and yellow which is complexed with Cytochrome C peroxidase 
in orange and red. 
 
The differences in the structure of the cytochromes means that the redox potential of 
the ferrous to ferric redox couple can be tuned to the requirements of the particular 
cytochrome function. Different cytochromes have quite different redox potentials. It is 
also important to compare Cytochrome C, shown in figure 3, with the oxygen 
transporting haem proteins myoglobin and haemoglobin. The function of myoglobin 
requires that the ferrous iron atom is bound to oxygen but is not oxidised to the ferric 
form. Once again the function of the iron atom is modulated by the environment 
provided by the porphyrin ring of the haem and the surrounding protein 10. 
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1.4 Cytochrome P450     
 
Cytochrome P450 oxidase, commonly abbreviated as CYP, is a generic term for a large 
number of related, but distinct, oxidative enzymes important in animal physiology. The 
cytochrome P450 mixed function mono-oxygenase system is probably the most 
important element of Phase I metabolism of therapeutic drugs in humans and most 
animals. Cytochrome P450 sequence homologs have been determined in all lineages of 
life, including mammals, birds, fish, insects, worms, sea squirts, sea urchins, plants, 
fungi, slime molds and bacteria .  
 
Small molecule drugs are xenobiotics, foreign molecules, which the human body 
attempts to deal with through a number of responses.  Some drugs are excreted from the 
human body intact.  Most drugs, however, need to be modified structurally to facilitate 
excretion.  These modification processes are called drug metabolism.  Drug metabolism 
is a detoxification function the human body possesses to defend itself from 
environment hostility.  When a person is sick, however, the body needs some kind of 
medication to fight the disease.  Ideally, a drug should reach the site of action intact, 
cure the disease and leave the body after it completes its mission.  However, drug 
developers often face the dilemma that a potential drug is either metabolised/excreted 
from the body too fast and the drug cannot reach its therapeutic effect. Or too slow and 
the drug stays in the body for a long time, causing unwanted side effects.   
The study of drug metabolism, therefore, serves primarily two purposes: to elucidate 
the function and fate of the drug, and to manipulate the metabolic process of a potential 
drug.  
The liver is the primary site for metabolism.  The liver contains the necessary enzymes 
for metabolism of drugs and other xenobiotics.  These enzymes induce two metabolism 
pathways: Phase I (functionalisation reactions) and Phase II (biosynthetic reactions) 
metabolism.  Some typical examples of Phase I metabolism include oxidation and 
hydrolysis.  The enzymes involved in Phase I reactions are primarily located in the 
endoplasmic reticulum of the liver cell (microsomal enzymes).  Phase II metabolism 
involves the introduction of a hydrophilic endogenous species, such as glucuronic acid 
or sulfate, to the drug molecule.  Enzymes involved in phase II reactions are mainly 
located in the cytosol, except glucuronidation enzyme, which is also a microsomal 
enzyme. 
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Drugs are usually lipophilic substances (Oil-like) so they can pass plasma membranes 
and reach the site of action.  Drug metabolism is basically a process that introduces 
hydrophilic functionailities onto the drug molecule to facilitate excretion.  When the 
drug molecule is oxidised, hydrolysed, or covalently attached to a hydrophilic species, 
the whole molecule becomes more hydrophilic, and is excreted more easily.  Drugs 
often undergo both Phase I and II reactions before excretion.  The Phase I reaction 
introduces a functional group such as a hydroxyl group onto the molecule, or exposes a 
pre-existing functional group, and Phase II reaction connects this functional group to 
the endogenous species such as a glucuronic acid.  The modified drug molecule may 
then be hydrophilic enough to be excreted. 
Although the liver is the primary site for metabolism, virtually all tissue cells have 
some metabolic capabilities.  Other organs having significant metabolic activities 
include the gastrointestinal tract, kidneys, and lungs.  When a drug is administered 
orally, it undergoes metabolism in the gastro-intestinal (GI) track and the liver before 
reaching systemic circulation.  This process is called first-pass metabolism.  First-pass 
metabolism limits the oral bioavailability of drugs, sometimes significantly.   
  
Drugs are ultimately excreted from the body through various routes.  The kidney is the 
major organ for drug excretion.  It excretes hydrophilic drugs and drug metabolites 
through glomerular filtration.  Macromolecules such as proteins are retained.  
Lipophilic drug molecules are not directly excreted from the kidney.  Only after they 
are metabolised into more hydrophilic molecules, can they be excreted through the 
kidneys into the urine.  Drugs and their metabolites are also excreted into bile.  This is 
usually mediated by protein transporters.  Drugs and their metabolites in bile are 
eventually released into the intestinal tract.  The drugs may be reabsorbed into the body 
from the intestine.  Drug metabolites such as glucuronide conjugates, may be converted 
back to the parent drug in the intestine through glucuronidase enzyme, and then 
reabsorbed into systemic circulation.  This drug recycling process is called 
enterohepatic recycling.  This process, if extensive, may prolong the half-life of the 
drug.  The bile drugs and drug metabolites, if not reabsorbed by intestine, are excreted 
from the body through faeces.  Also, a variety of orally administrated drugs are 
excreted through faeces because they are not absorbed through the intestine.  Oral 
bioavailability constitutes a major challenge for drug developers.  Other routes of 
excretion, such as sweat, tears, and saliva, are quantitatively less important. Excretion 
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through breast milk is not important to the mother, but may be of key importance to the 
baby, because the drug may be toxic to the baby.  Pulmonary excretion is important for 
anaesthetic gases and vapour drugs.  
As is pointed out, small molecule drugs are usually lipophilic substances that can 
penetrate cell membranes to reach the site of action, and drug metabolism is a process 
of introducing hydrophilic functional groups onto the drug molecule.  The most 
common phase I reactions are oxidative processes that involve cytochrome P450 
enzymes.  
These enzymes catalyze the following reactions: aromatic hydroxylation; aliphatic 
hydroxylation; N-, O-, and S-dealkylation; N-hydroxylation; N-oxidation; 
sulfoxidation; deamination; and dehalogenation. 
These enzymes are also involved in a number of reductive reactions, generally under 
oxygen-deficient conditions.  Hydrolysis is also observed for a wide variety of drugs. 
The enzymes involved in hydrolysis are esterases, amidases, and proteases. These 
reactions generate hydroxyl or amine groups, which are suitable for phase II 
conjugation. 
Phase II conjugation introduces hydrophilic functionalities such as glucuronic acid, 
sulfate, glycine, or acetyl group onto the drug or drug metabolite molecules.  These 
reactions are catalyzed by a group of enzymes called transferases.  Most trasferases are 
located in cytosol, except the one facilitates glucuronidation, which is a microsomal 
enzyme.  This enzyme, called uridine diphosphate glucuronosyltransferase (UGTs), 
catalyzes the most important phase II reaction: glucuronidation.  Glucuronic acid 
contains a number of hydroxyl groups and one carboxylic acid functionality.  This 
molecule is extremely hydrophilic, and improves the hydrophilicity of a drug molecule 
when they are covalently bound. 
 
The following is a partial list of common metabolism motifs: 
 
Aliphatic/Aromatic carbons: hydroxylation.  
Methoxyl/methylamine group: demethylation.  
Amine: N-oxidation, or deamination.  
Sulfur: S-oxidation.  
Phenol/alcohol: glucuronidation/sulphation.  
Esters/amides: hydrolysis.  
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In reality, drug metabolism is an extremely complicated process. Often, a drug is 
metabolised into many products, some major, others minor. A complete picture of the 
metabolism of a drug is, in many cases, not possible, and not usually necessary. 
 
 
 
Phase I                                 Phase II 
Cytochrome P450 
 
 
 
Oxidation                              Conjugation 
 
Hydroxylation 
Dealkylation 
Deamination 
 
Figure 4. Schematic interpretation of the two phases of drug metabolism. 
This shows the association and involvement of Cytochrome P450 proteins 
during phase I biotransformation.  
 
P450s are membrane-associated proteins, either in the inner membrane of mitochondria 
or in the endoplasmic reticulum of cells where they metabolise thousands of 
endogenous and exogenous compound. The involvement of P450 is shown in Figure 4. 
In the liver, these substrates include drugs and toxic compounds as well as metabolic 
products such as the breakdown product of haemoglobin, bilirubin.  P450s are present 
in many other tissues of the body including the mucosa of the gastrointestinal tract, and 
play important roles in hormone synthesis including estrogen and testosterone synthesis 
and metabolism, cholesterol synthesis, and vitamin D metabolism. In most animals, 
including humans, hepatic P450s are the most widely studied of these enzymes. 
 
Drug Derivative Conjugate 
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1.5 Discovery of Cytochrome P450 (CYP) proteins 
 
A major class of oxidative transformations was initially characterized in 1955 by 
O.Hayaishi in Japan and H.S.Mason in the United States. This class of Oxygenases had 
requirements for both an oxidant and a reductant and hence was given the trivial name 
"mixed-function oxidases" 11. The general reaction is shown in figure 5.  
 
 
RH +  O2 +  2H + + 2 e¯                     ROH + H2O 
 
Figure 5.  General reaction mechanism of the mixed function oxidase 
system.  
The most common reaction catalysed by P450 enzymes is a monooxygenase 
reaction, i.e. insertion of one atom of oxygen into substrate while the other 
oxygen atom is reduced to water 11. 
 
An understanding of the biochemical nature of these reactions grew out of early studies 
on liver pigments by Garfinkel and Klingenberg who observed in liver microsomes an 
unusual carbon monoxide binding pigment with an absorbance maximum at 450 nm 12. 
(In cell biology, a microsome is a small vesicle that is derived from fragmented 
endoplasmic reticulum produced when cells are homogenized). 
This pigment was ultimately characterized as a cytochrome by Omura and Sato. 
Through the use of detergent solubilisation of microsomes and interaction with 
isocyanide ligands, they showed that the resultant P450, or pigment which absorbs 
strongly at 450nm, was indeed a cytochrome with a typical Soret absorption band, 
shown in Figure 6. The technique showed a very strong absorption in the blue region of 
the optical absorption spectrum of the heam found in this protein 13. 
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Figure 6 Ultra Violet absorption spectra of a P450 carbon monoxide 
complex. 
This shows the characteristic Soret peak at around 450nm. (Spectra adapted 
from Omura and Sato) 13 
 
The reason why absorption occurs at this wavelength is related to one of the six ligands 
associated with the iron atom contained in the haem. The heam ring itself provides four 
ligands (nitrogens), but in P450 the fifth is an unusual, negatively charged sulphur 
atom. This is generally known as a thiolate anion and proteins containing this unusual 
moiety are referred to as haem-thiolate proteins. 
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Cytochrome P450 
 
 
 
Figure 7 The Haem-thiolate protein Cytochrome P450.   
P450s are large, multidomain proteins typically with a single active haem site 
shown in Figure 7 near the centre in dark red. Different domains, often separate 
subunits, are used to bind the redox partners, store reducing equivalents and act 
as controls of the enzymatic activation (Da Silva 2001) 
 
As a result of this, CYP chemistry is fascinating and challenging. It is important to note 
that the bond between the two atoms in an oxygen molecule is very strong. This implies 
that a substantial amount of energy is required to break the bond. This energy is 
supplied by the addition of electrons to the iron atom of haem. These electrons in turn 
come from the last protein in an electron transfer chain. There are two such chains in 
cellular structure involved in CYP catalysis. The first is found in the endoplasmic 
reticulum. This protein, nicotinamide adenine dinucleotide phosphate (NADPH) 
cytochrome P450 reductase, passes electrons to flavin adenine dinucleotide (FAD)  to 
flavin mononucleotide  (FMN) and then to the heam. The second chain is found within 
mitochondria where electrons are passed down to the haem. NADPH then passes 
electrons to ferredoxin reductase, then to ferredoxin, which itself has an iron-sulphur 
cluster, and from there to CYP. An interpretation of this reaction is shown in Figure 8. 
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Figure 8 Schematic interpretation of the chain of electron transfer in 
Cytochrome P450 monooxigenases in plant microsomes. 
 
 
1.6 Cytochrome P450 Nomenclature 
 
P450 research is a field that has benefited by having a systematic standardised 
nomenclature. The need for such a system only appeared gradually, since early work in 
the 1960s debated if there was more than one P450. The purification of multiple forms 
from rat and rabbit gave rise to a nomenclature started by the labs that were writing the 
papers on these forms. The tendency was to make the forms a, b, c or 1, 2, 3 with some 
prefix to identify the source or inducer, like RLM for rat liver microsomes or PB1 for 
Phenobarbital form 1. This quickly became unworkable as every lab had their own 
naming convention. The 1980s saw cloning of many P450s so the problem got worse. 
The visionary who saw where this was leading and proposed a solution was Dan 
Nebert. Dan, along with Frank Gonzalez put together the first P450 nomenclature. An 
official nomenclature proposal was published that same year with a large number of 
influential P450 researchers as co-authors 14. 
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Nomenclature, e.g. for CYP2D6 
 
CYP = cytochrome P450 
2 = genetic family 
D = genetic sub-family 
6 = specific gene 
Note that this nomenclature is genetically based. It has no functional implication. 
 
P450 nomenclature is based on the homology of the gene, firstly to members of the 
same family where the homology at the amino acid level is greater than 40%, (this is 
shown as the first number). The members of a subfamily have greater than 55% 
homology at the amino acid level (as shown by the letter). Members of each family are 
then classed by a second number usually dependant on when they are discovered 15.  
These proteins can also be grouped by two different schemes. One scheme was based 
on a taxonomic split: class I (prokaryotic/mitochondrial) and class II (eukaryotic 
microsomes). The other scheme was based on the number of components in the system: 
class B (3-components) and class E (2-components). These classes merge to a certain 
degree. Most prokaryotes and mitochondria (and fungal CYP55) have 3-component 
systems (class I/class B) - a FAD-containing flavoprotein (NAD(P)H-dependent 
reductase), an iron-sulphur protein and P450. Most eukaryotic microsomes have 2-
component systems (class II/class E) - NADPH: P450 reductase (FAD and FMN-
containing flavoprotein) and P450 however there are exceptions to this scheme. 
 
Over 200,000 chemical compounds are metabolised by the CYP superfamily of 
enzymes. Many different reactions are catalysed including oxidations, reductions and 
dehalogenations. Although the initial characterisation was by UV spectra, methods such 
as immunoblotting with specific antibodies and amino acid gene sequencing are now 
used. Full sequencing has been successfully carried out on animal, fungi, plant and 
bacterial CYP enzymes 16. 
 
Members of the human CYP superfamily play a role in the metabolism of many drugs 
and several of them, CYP2D6, CYP2C9 and CYP2C19, have been shown to be 
polymorphic as a result of single nucleotide polymorphisms (SNPs), gene deletions, 
and gene duplications 16. These polymorphisms can impact on the pharmacokinetics 
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(PK), metabolism, safety and efficacy of drugs and because of the availability of 
automation, genotyped human tissue, recombinant CYP preparations (rCYPs) and 
reagents, most pharmaceutical companies have increasingly screened out compounds 
that are metabolised solely by polymorphic CYPs. In the absence of suitable animal 
models, it has been widely accepted that such in vitro data are useful because one can 
obtain information prior to dosing in man and select the most appropriate clinical 
studies with prospectively genotyped and phenotyped subjects. Overall, current trends 
in the industry have been fuelled by increasing managed healthcare, the desire to 
minimise the need for therapeutic drug monitoring and CYP genotyping in medical 
practice and a very competitive market place. In the past, such paradigms have not been 
as influential and there are numerous examples of marketed drugs that are metabolised 
by polymorphic CYPs. 
For example, many individuals lack functional 2D6. These subjects will be predisposed 
to drug toxicity caused by antidepressants or neuroleptics, but will find codeine and 
tramadol to be ineffective due to lack of activation. Other drugs that have caused 
problems in those lacking 2D6 include dexfenfluramine, propafenone, mexiletine, and 
perhexiline. Perhexiline was in fact withdrawn from the market due to the neuropathy it 
caused in those 2D6 inactive patients unfortunate enough to be treated with it 17. Even 
beta-blocker removal may be impaired in 2D6-deficient people. Occasionally one 
derives benefit from an unusual CYP phenotype. For example, cure rates for peptic 
ulcer treated with omeprazole are substantially greater in individuals with defective 
CYP2C19, owing to the high plasma levels achieved 18. 
 
 
Designing and ultimately marketing a drug is very costly. The interaction between CYP 
and newly designed drugs is therefore rather important to pharmaceutical companies, so 
much so that predominant degradation of a drug by one of the polymorphic CYPs is 
often enough to stop further research on that drug in its tracks. This is a very important 
point. Variable expression of CYP has substantial clinical consequences, not only in 
different people and different race groups, but also in individuals as they progress from 
infancy to old age 19. CYP1A2 is not expressed in neonates, making them particularly 
susceptible to toxicity from drugs such as caffeine. These issues drive the need for 
research into the understanding of how these proteins function 20. 
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1.7 A review of Cytochrome P450 protein electrode 
investigations.  
 
In the thirty five years since the identification of Cytochrome P450 as the terminal 
component of oxygenation reactions, the field has grown from an area of narrow 
interest for drug metabolism scientists to a major field of interest to molecular 
biologists, pharmacologists, biochemists and physicians. From the isolation of 
membrane bound P450 by Lu and Coon 21 in 1969 to the first crystallization of a 
mammalian P450 in 1999 by Eric Johnson and co-workers 22, the area of P450 research 
has established the crucial role of P450s in controlling the biotransformation of drugs 
and other xenobiotics. CYP has probably been one of the most extensively researched 
families of redox active proteins studied over the past fifty years. The enzymes multi 
domain structure makes it an ideal model system for studying the mechanism of 
electron transfer and for understanding the architecture and activity of membrane bound 
CYP proteins. 
 
Horecker first identified mammalian NADPH cytochrome P450 reductase in 1950. 
Studies in the 1960's linked mammalian P450 to the newly discovered microsomal 
electron transport chains, cytochromes P450 and b5 and their involvement in drug and 
steroid hydroxylations 23, 24. 
The work on the bacterial protein, P450cam, so named due to its natural substrate being 
camphor, carried out in 1996 by Kazlauskaite and co workers, reported the observation 
of unprompted electrochemistry of recombinant P450cam on an edge-plane graphite 
(EPG) electrode 25. All previous redox studies on this P450 system had been carried out 
using spectroscopic studies 16.  P450cam mechanisms are considered in more detail 
later. 
The pioneering work carried out by Eddowes and Hill highlighted that the problem of 
slow electron transfer between an electrode and a protein could be overcome using an 
electron shuttle or mediator 26. The work carried out by Fleming and co workers 
determined the redox properties of Cytochrome P450BM3, found in the soil dwelling 
bacterium Bacillus Megaterium, when incorporated into a lipid bilayer. Direct 
electrochemistry determined an outline of some of the redox properties of this 
membrane bound protein 27. 
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Studies carried out in 1973 by Sharrock and colleagues reported that ferric P450cam 
underwent a low to high spin transformation in its electronic state upon substrate 
binding. Subsequent work found this to be a characteristic feature of many other P450s. 
It was suggested that this model offered a possible insight as to why ferrous P450 
cannot be generated in the absence of its substrate, thus potentially toxic reduction of O2 
to superoxide or peroxide is avoided 28. However, studies carried out by Kondo and co 
workers questioned the mechanisms in this model 29. 
In general, direct electrochemistry of CYP enzymes on unmodified electrodes has 
proved extremely problematic due to the deeply buried haem moiety and instability of 
the biological matrix upon interaction with the electrode surface. A fundamental aspect 
of P450 reactions is the substrate induced modulation of the haem spin state upon 
binding. This can have a significant effect on both the redox potential of the protein 
whereby the change from predominantly low spin to high spin brings about a lowering 
of the haem protein redox potential so it becomes less negative. This is discussed later 
in more detail. 
The first electrochemical study of human P450 2E1 was reported in January 2004 by 
Fantuzzi and colleagues 30. The work highlighted the important aspects of 
immobilisation of proteins in the production of biosensors, as sensitivity may strongly 
depend on both concentration and orientation of the protein at the surface. In order to 
address these requirements thiol terminated chains covalently bound to a metal surface 
and functionalised at the other end with a group able to specifically interact with the 
protein surface was found to generate an oriented and tightly packed monolayer. The 
liver CYP used in this work was N-terminally modified and expressed in E coli.  The 
results highlighted the extent of the monolayer coverage and the electron transfer rate 
and showed that an electrochemical response on a gold surface was only obtainable 
after modification of the surface 30.  
Several ways have been used to investigate electron transfer between redox proteins 
and electrodes, particularly using chemically modified electrodes in combination with 
electrochemical techniques like cyclic voltammetry (CV) and square wave voltammetry 
(SWV). This is particularly important in the case of haem proteins like CYP in which 
the electrochemically active centre is buried in the protein structure and is surrounded 
by an amino acid chain in order to gain a hydrophobic environment for catalysis.  
 
 
22 
1.8 Direct electron transfer of Cytochrome P450 proteins in 
electrochemical sensors. 
 
On unmodified electrodes, enzymes tend to denature.  P450 proteins are naturally 
involved in electron transport pathways of protein redox partners, which require 
specific docking sites. Therefore, it would be natural to assume electrical contact to 
CYP enzymes should be possible with suitable surface modifications of electrodes. 
However, this has been shown to be very problematic. 
 
The electrochemistry of CYP has been investigated using a variety of metal electrodes  
such as Au, Pt and Tin oxide, represented in Figure 9, as well as non metal electrodes 
such as glassy carbon (GC), pyrolytic graphite (PG), edge-plane graphite (EPG), and 
carbon electrodes. Although direct electron transfer has been observed on bare 
electrodes, modifying the electrode with an appropriate medium like a polymer or 
another linker molecule in order to attain native structure and appropriate orientation 
thus increasing electron transfer between the enzyme and the electrode has been very 
popular in recent years. The bioelectrocatalysis by proteins and enzymes such as 
cytochrome c, CYP, glutathione peroxidase and haem flavo enzymes at modified 
electrodes has been recently reviewed 31.  
 
In the first biosensor based on the direct electron transfer between the electrode and 
CYP, solubilised protein from rabbit liver showed a reduction step at a mercury 
electrode of −580 mV versus SCE 32. 
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Figure 9.   A schematic representation of a Cytochrome P450 sensor.   
The enzyme could be adsorbed or immobilised in a variety of ways on many 
different electrode surfaces (Garrett & Grisham 1998) 
 
1.9 Cytochrome P450 proteins on bare electrode surfaces.  
 
Hill and co workers had used bare EPG electrodes to characterize the electrochemistry 
of recombinant CYP101 31. In this work, cyclic voltammetric measurements were 
carried out in the presence and in the absence of the substrate camphor. Strictly 
anaerobic conditions were used to prevent formation of the binding of oxygen to Fe2+ 
and the possibility of second electron transfer. The results indicated reversible 
oxidation and reduction. The interaction of the CYP101 with the bare EPG has been 
proposed by the authors to be possible via the positively charged amino acid residues 
on the surface of CYP101.  
The formal potential (E°′) was −526 mV versus SCE with the camphor free CYP101 
and an E°′ of −390 mV versus SCE for the camphor bound form. These values are in 
agreement with the redox potential of CYP101 in solution for the substrate free form 
with an E°′ of −547 versus SCE and substrate bound form, with an E°′ of −394 versus 
SCE 32. The binding of camphor to the active site of the enzyme shifts the spin state of 
the haem prosthetic group from low to high. The authors also claim that a catalytic 
response upon camphor addition was observed, although details are not given.  
In order to investigate the role played by amino acids on the immobilisation of CYP101 
on the electrode surface, Lo and colleagues carried out site directed mutagenesis to 
modify the surface of the enzyme 33. In this study the cysteine residues were replaced 
by chemically inert alanines. Electrochemistry of wild type (WT) CYP101 and the 
mutants could be observed with bare EPG electrodes with formal potentials ranging 
from −428 to −449 mV versus SCE at a range of scan rates. However, a quasi 
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reversible or irreversible electrochemistry was obtained with bare gold electrodes. The 
electrochemistry of cysteine free CYP101 was in both cases indistinguishable with that 
of the WT and the single cysteine mutant enzyme, which indicated that electron transfer 
was not affected by these residues. Furthermore, electrochemistry of CYP2E1 could be 
seen with bare GC electrodes with a midpoint potential of −334 mV versus SCE, 
indicating that CYP2E1 was adsorbed on the electrode surface 30.  
 
1.10 Phospholipid modified electrodes. 
 
The majority of CYP enzymes are located in a hydrophobic environment in the 
endoplasmic reticulum of cells, although cytosolic enzymes also exist, such as CYP101 
10. In order to mimic the physiological environment of CYP enzymes, a number of 
groups have used phospholipids, such as didodecyldimethylammonium bromide 
(DDAB)dimeristoyl Lphosphatidylcholine (DMPC),dilauroylphosphatidylethanolamine 
(DLPE) and distearoylphosphatidylethanolamine (DSPE), for the construction of 
biosensors. Phospholipid layers form vesicular dispersions that bear structural 
relationship with the phospholipid components of biologically important membranes. 
Using this method, a membranous environment is created that facilitates electron 
transfer between the enzymes redox centre and the electrode.In a similar study Zhang 
and co workers in addition to DDAB, used DMPC to incorporate CYP101 and then 
modify PG disc electrodes 34. CV responses with DMPC showed reversible 
electrochemistry. Work carried out to investigate the protein in the presence of carbon 
monoxide (CO) indicated that electron transfer involved the haem Fe3+/2+ couple of the 
enzyme.  
 
1.11 Electrodes modified with multilayer films. 
 
In order to improve the direct electron transfer between Au electrodes and haem 
proteins like CYP, Rusling and co workers investigated the direct electrochemistry of 
CYP101 using a layer-by-layer approach to the construction of films of CYP101 
protein with polyions 35 .In these studies Au and pyrolytic graphite (PG) electrodes 
were modified by sequential adsorption of polystyrenesulfonat (PSS) and CYP101 thus 
creating CYP101 multilayer films. 
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 The motivation behind the development of a biosensor with human CYP3A4 as a 
novel drug screening tool was created due to CYP enzymes playing an important role in 
the metabolism of endogenous compounds as well as in pharmacokinetics and 
toxicokinetics. The sensor was constructed by assembling enzyme films on gold 
electrodes by alternate adsorption of a layer of CYP3A4 on top of a layer of PDDA. 
The biosensor was used in the detection of verapamil, midazolam, quinidine and 
progesterone. Electrochemical investigation of the enzyme bound film revealed well 
defined anodic and cathodic redox peaks, which indicated reversible oxidation and 
reduction of the haem group in these experiments.  
Catalytic responses have also been obtained with fluoxetine using CYP2D6 on a 
polyaniline-doped GC electrode. The enzyme exhibited reversible electrochemsitry 
with an E°′ of −120 mV versus SCE, which upon increasing concentrations of 
fluoxetine a cathodic shift was observed 36.  
 
1.12 Review summary 
 
Regarding protein electrochemistry, the number of papers on CYP ranks very highly 
after cytochrome c and glucose oxidase. The binding sites for electron transferring 
proteins at the molecule surface, which are essential for the fast electron transfer and 
subsequent oxygen activation, characterise the CYP family. Therefore, the engineering 
of the electrode surface for appropriately orienting the active site towards the electrode 
is crucial for the observation of the proteins activity. However, due to the well known 
low conformational stability of these proteins, pronounced structural changes are 
plausible in the process of embedding in the matrix at the electrode surface. These 
deviations from the behaviour in solution are reflected by the anodic shift of the 
structure free protein and may be reflected by the smaller anodic peak in cyclic 
voltammetry measurements.  
 
Glucose oxidase is an intrinsic redox enzyme with the prosthetic group buried deep 
within the protein fabric. For the fast heterogenous electron transfer within this protein, 
the coupling of the redox relay to the protein has been established 37. This concept has 
been transferred to CYP electrochemistry by Archakov's group by attempts at binding 
riboflavin to the protein surface 38. The concept of a ‘redox wire’ transferring the 
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electrons via immobilized mediators from the electrode to the prosthetic group has not 
yet been realised for the electrochemical substrate hydroxylation by CYP. 
Interpretations of the reaction mechanism are complicated by the fact that substrate 
conversion requires oxygen. Most probably, both reduction of the prosthetic group and 
of oxygen proceed in parallel at the electrode. To unravel the complexity, the influence 
of CYP inhibitors is a useful diagnostic criterion. In most cases biosensors based on 
CYP can catalyze a variety of substrates, as has been described above. In recent years a 
great deal of interest and effort has been invested in the use of protein engineering. This 
implies the introduction of specific attachment regions and electron transfer regions to 
overcome the kinetic limitations. Furthermore, engineering of the protein surface could 
provide means of immobilising the protein directly on the electrode, thus shortening the 
distance between the redox centre and the electrode and achieving faster electron 
transfer. Recent work indicates the potential of engineering sites for surface binding 
and redox active dyes 39, 40.  
 
Nature offers almost unique biocatalysis of the Cytochrome P450 family exhibiting 
almost absolute specificity for recognising a given substrate in mixtures of very similar 
compounds like steroid hormones, and conversion of highly different compounds 
following the same reaction type, e.g., demethylation of various drugs. Using genetic 
engineering, both recognition types may be optimised for the analytical system under 
investigation. In this respect, arrays carrying different CYP isoforms will eventually be 
developed for characterising the metabolism of drug converting organs, like the liver, 
of different species. Full interaction of specific substrate conversion and a deeper 
understanding of electrochemical investigations can be expected in the next generation 
of research in this fascinating area. 
 
1.13 Aims of the project 
 
The direct electrochemistry of cytochrome P450 has been reported in published articles 
over many years but has never been conclusively demonstrated. The main objective of 
this project was to attempt to investigate further the proposed mechanisms seen in 
surface bound P450 proteins and to attempt to identify further experiments that are 
required before the statement “direct electrochemistry of cytochrome P450 has been 
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achieved” can be reported with some validity. The biggest question here is “is the P450 
functioning as an active enzyme on or at the electrode?” 
 
 
To date, in the published work, the possibility that the observed electrochemical 
response is due to such things as displaced haem, denatured protein or that measured 
catalysis is due to hydrogen peroxide formed following the electrochemical  
reduction of dioxygen (the so-called peroxide shunt mechanism) has not been addressed 
fully. This mechanism bypasses the need for the external co factor NADPH, bypasses 
the requirement for the electron transfer reductase proteins and the requirement for 
oxygen 41, 42. In this mechanism hydrogen peroxide oxidises Fe3+ directly to the high 
valent oxyferryl form. Therefore, in an electrochemical experiment it maybe possible 
that hydrogen peroxide formed at the electrode surface  
via dioxygen reduction would react chemically to drive some turnovers. The drawback 
of the peroxide shunt mechanism is that the presence of peroxide eventually “poisons” 
the enzyme so that the usefulness is limited. However, very recent work has 
investigated the possible effects of protein denaturation and the likelihood of 
observation of displaced iron electrochemistry only being observed in P450 
experiments 43. 
 
 
When substrates bind to P450s a large positive shift in what is referred to in the 
electrochemical literature as the formal potential and in the biological literature as the 
midpoint potential, is reported to occur. These potentials are the redox potentials in the 
prevailing medium. Measurements of the redox potentials of P450s that are reported in 
the literature are generally made under anaearobic conditions because the experimental 
methods used to determine the redox potential typically requires the exclusion of 
dioxygen. The exclusion of dioxygen from the redox potential measurement produces a 
measurement in an experimental medium that is unrelated to the prevailing medium 
during real life enzyme catalysis which would take place an aerobic medium 44. 
 
Electrochemical enzyme studies are typically performed to determine fundamental 
parameters, such as the redox potential of the enzyme, or to study the electron transfer 
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between the enzyme and various electrodes, either directly or through the use of 
mediators 45. In addition to fundamental studies, electrochemical studies of 
P450s are of great interest due to the possibility of developing applications such as 
biosensors for analyte detection.  
 
The electrochemical behaviour of enzymes is more complicated than that of smaller 
molecules which have traditionally been the subject of studies by electrochemists. The 
most important complication is the possibility of conformational changes occurring 
within the enzyme during the measurement process.  
The important question to ask here is how do we know that an electrochemical response 
is due to the functioning enzyme and not some altered conformation of the enzyme in 
which its activity is reduced or eliminated altogether? 
As discussed earlier, many different methods of immobilising these enzymes onto an 
electrode surface or adsorbed into a film or matrix have been reported but  we have no 
way of knowing, based on published electrochemical experiments, what conformational 
form P450 takes on when in contact with these materials.  
 
Spectroscopic characterisation of the enzyme in a film on, say a glass slide, does not 
tell us what happens to the enzyme when it comes into contact with the electrode 
surface. Such experiments do however provide valuable information about the stability 
of the enzyme within various films and coatings but do not reveal the structure/activity 
relationship of the enzyme.  
  
It is common in reported work on P450 enzymes to use non natural substrates. Thus it 
is also important to remember that ultimately non-natural substrates may be of more 
interest, particularly when considering the use of P450s for biosensors and biocatalysts, 
however it would be useful to demonstrate the enzyme functionality with the natural 
substrate as many non-specific catalytic reactions can also be performed by hemin and 
haem containing proteins such as myoglobin.  
 
It is vital to remember that in using enzymes immobilised on an electrode we are 
presumably endeavouring to electrochemically drive a specific catalytic reaction. Thus 
we are not endeavouring to demonstrate catalysis per se but very specific catalysis of 
the type that only enzymes generally perform.  
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1.14 Chapter Summary  
 
In this chapter the origins of electrochemical investigations of biological molecules and 
numerous model metalloprotein systems were considered. The early experimental 
investigations and the various electrochemical methods employed to probe the 
enzymes’ activity were reviewed, also the aims of the project were introduced. Next, 
experimental electrochemical methods and their theory will be considered along with 
the complex P450 protein mechanisms.  
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2.1 Interfacial electrochemistry 
 
In interfacial electrochemistry it is important to appreciate the difference between the 
bulk and the surface.  Reactants are often at very different concentrations in these two 
regions. It is frequently this concentration difference that drives the transfer of 
molecules from the bulk to the surface. 
  
 
   
Figure 10.Schematic interpretation of the transfer of products at an 
electrode surface. 
Reactant (O) has to be transported to the surface from the bulk, in order that it 
might react for a current to flow, shown in Figure 10. The product (R) then 
needs to be transported back into the bulk. (Adapted from Electrode Dynamics, 
A Fisher 1996) 
 
2.1.1 Mass transport Mechanisms 
 
There are essentially three mechanisms for transporting molecules through space.  
  
1. Diffusion is the movement of molecules along a concentration gradient, from an area 
of high concentration to an area of low concentration. 
 
2. Migration is the transport of a charged species under the influence of an electric 
field. 
 
3. Convection is the transport of species by hydrodynamic transport (e.g. natural 
thermal motion and stirring). 
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Generally, in most electrochemical experiments, a background electrolyte of a salt that 
does not participate directly in the reaction is present. This is typically one or two 
orders of magnitude higher in concentration than the reactive species and is used to 
remove the effects of migration in experiments. Therefore, normally only the effects of 
diffusion and convection need to be considered.  If a system is changed quickly (i.e. a 
potential step is applied to an electrode), then diffusion becomes the principal 
mechanism of mass transport, provided the solution is not externally stirred or agitated. 
 
2.1.2 Diffusion Currents 
 
One of the most simple and useful ways of understanding the time dependent effects of 
current flow through an electrode is the concept of the diffusion layer introduced 
by Walter Nernst in 1904 1.  When an electrode is polarised, the surface concentration 
of the species that is either being oxidised or reduced falls to zero.  Additional material 
will then diffuse to the electrode surface towards this region of lower concentration.   
 
2.2 The Nernst Equation 
  
The Nernst equation relates the concentrations of ions taking part in an electrochemical 
reaction at equilibrium with the potential that the electrode takes up relative to the 
standard electrode potential of the system. 
 
 
d
Ox
nF
RTEE a
a
o
Re
ln−=   Equation 1 
 
 
The Nernst Equation. In electrochemistry, the Nernst equation gives the electrode 
potential (E), relative to the standard electrode potential, (E0), of the electrode couple.  
 
Where: 
• R is the universal gas constant, equal to 8.314510 J K-1 mol-1  
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• T is the temperature in kelvin (kelvin = 273.15 + °C.)  
• a the chemical activities on the reduced and oxidized side, respectively  
• F is the Faraday constant (the charge per a mole of electrons), equal to 
9.6485309*104 C mol-1  
• n is the number of electrons transferred in the half-reaction.  
• [aRed] is the concentration of oxidizing agent (the reduced species).  
• [aOx] is the concentration of reducing agent (the oxidized species).  
• E0' is the formal electrode potential  
 
 
 
Figure 11. A simple schematic model of the Nernst diffusion layer showing 
the linear variation in concentration.  
 
The electrode is represented by the yellow bar on the left in Figure 11.  The x-axis 
represents distance away from the electrode.  The point of origin (x = 0) represents the 
surface of the electrode and the y-axis represents concentration. The maximum 
concentration is represented by co which is the concentration of the analyte in the bulk 
solution.  
x = 0        x = δ 
c = co 
Bulk solution
Concentration Electrode 
          Distance away from electrode surface 
 δ 
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There are two regions of concentration to consider.  Because the solution is well mixed, 
in the bulk region the concentration is constant with respect to distance.  This is 
represented by the horizontal line known as the convective region.  There is then a 
region where the concentration drops, falling to zero at the electrode surface.  This 
region, known as the Nernst diffusion layer, has thickness δ.  The exact thickness of the 
Nernst diffusion layer depends upon the nature of the solution into which it extends.  
An important assumption of this model is that when material reaches the surface of the 
electrode it is instantaneously oxidised or reduced thereby maintaining a zero 
concentration at the electrode surface.  In practice, this can be achieved by selecting a 
suitable polarising voltage. 
  
In summary, the Nernst diffusion layer theory tells us that there is a stationary thin 
layer of solution in contact with the electrode surface which has a thickness equal to δ. 
Within this layer, diffusion alone controls the transfer of analyte to the electrode.  This 
occurs down a concentration gradient. Outside this layer, diffusion is negligible and the 
concentration of analyte is maintained at a value of co by convective transfer. Because 
of the heterogeneous nature of the electrochemical process, the reaction depends upon 
both the rate of electron transfer at the interface and on the mass transport of analyte to 
the electrode from the bulk solution.  An electrochemical experiment therefore should 
be designed so that the mode of transport of the electroactive species to the electrode 
surface is well defined.  The most important mass transport processes in 
electrochemical measurements are diffusion and convection. 
   
In diffusion, the driving force is a concentration or activity gradient.  The movement is 
from a region of high concentration to one of low concentration.  
Before the initiation of the electrolysis, the concentration of the reactant is uniform 
throughout the solution. (It can be assumed that at the start of the experiment, the 
solution has been well mixed and is completely homogeneous). When current flows, 
the concentration of the reactant at the electrode surface becomes less than in the bulk 
solution due to the electrochemical conversion of reactant into product.   In a quiet 
solution diffusion is the only mode of transport so the flux of reactant to the electrode 
surface at a given time and distance from the electrode surface is proportional to the 
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steepness of the concentration gradient.  The flux of reactant is therefore given by 
Fick's first law of diffusion:  
 
x
DJ ∂
∂−= φ
  Equation 2 
 
Ficks first law.  Fick's first law is used in steady state diffusion when the concentration 
within the diffusion volume does not change with respect to time 
 
Where 
J is the diffusion flux in dimensions of [(amount of substance) length-2 time-1], [mol m-2 
s-1]  
D is the diffusion coefficient or diffusivity in dimensions of [length2 time-1], [m2 s-1].  
ɸ is the concentration in dimensions of [(amount of substance) length-3], [mol m-3]  
x is the position [length], [m]  
D is proportional to the velocity of the diffusing particles, which depends on the 
temperature, viscosity of the fluid and the size of the particles according to the Stokes-
Einstein relation. For the biological molecules the diffusion coefficients normally range 
from 10-11 to 10-10 [m2 s-1]. 
 
2
2
x
D
t ∂
∂=∂
∂ φφ
  Equation 3 
 
 
 
Fick's second law. Fick's second law is used in non-steady or continually changing state 
diffusion, i.e., when the concentration within the diffusion volume changes with respect 
to time. 
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Where 
ɸ is the concentration in dimensions of [(amount of substance) length-3], [mol m-3]  
t is time [s]  
D is the diffusion coefficient in dimensions of [length2 time-1], [m2 s-1]  
x is the position [length], [m]  
 
2.3 The three electrode cell 
 
In dynamic electrochemistry, the three electrode cell is one of the most common 
configurations used to study electrochemical reactions. The cell consists of a counter 
electrode (CE) which is used to polarise the electrode of interest: the working electrode. 
In order that the potential (voltage) on the working electrode is precisely known, a third 
electrode, the reference electrode (RE), is held close to the surface of the working 
electrode (WE) and the potential difference measured. This is because the RE has no 
current passing through it, but maintains an invariant constant potential regardless of 
what is happening around it. 
 
 
 
Figure 12. Interpretation of the three electrode cell.  RE = reference 
electrode, WE = working electrode, CE = counter electrode. 
 
A potentiostat, shown in Figure 12, is used to supply a constant potential or current to 
the WE, regardless of the chemical changes taking place on the WE at that time. It is 
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like a feedback circuit, constantly ensuring the potential or current is maintained to that 
which the operator has set.  
  
2.3.1 Reference Electrodes 
 
All electrode potentials are measured vs. the standard hydrogen electrode (SHE). This 
electrode couple is arbitrarily defined as 0.00 Volts 2.  However, in reality using this 
electrode is not at all practical. It requires a steady flow of hydrogen bubbling onto a 
high surface area of platinum. It is much easier is to use an electrode couple that has a 
clearly defined potential relative to the SHE. 
A commonly employed system is the Silver/Silver Chloride (Ag / AgCl) electrode.    
The potential of this system is determined by the concentration of Cl- ions in the 
solution measured according to the Nernst equation.  By measuring relative to this 
electrode one can determine the potential, relative to the SHE. In electrochemical 
experiments, voltages must always be given relative to a known reference electrode. 
 
2.4 The Electrical Double Layer 
 
The earliest model of the electrical double layer is usually attributed to Helmholtz in 
1879 2. Helmholtz treated the double layer mathematically as a simple capacitor, based 
on a physical model in which a single layer of ions adsorbed at a surface. 
Later Gouy and Chapman (1910-1913) made significant improvements by introducing 
a diffuse model of the electrical double layer, in which the potential at a surface 
decreases exponentially due to adsorbed counter-ions from the solution 3. 
The current classical electrical double layer is the Gouy-Chapman-Stern model, which 
combines the Helmholtz single adsorbed layer with the Gouy-Chapman diffuse layer. 
The nature of the electrode interface is fundamentally important in electrochemistry, 
since this is where electron transfer takes place and is therefore the region where 
molecules have to move in order to be oxidised or reduced. The nature of the electrode 
interface has been intensely debated; however the Helmholtz model is currently the 
most popular 2. 
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Figure 13. Schematic interpretation of the ‘diffuse double layer model’ at 
the electrode interface (adapted from Bard & Faulkner, Electrochemical 
methods 2nd Ed.) 
 
The concept of the double layer, shown in Figure 13, is such that when an electrode is 
polarised by the application of potential, ions of opposing charge will assemble at the 
electrode surface. This is also true of surfaces that are not formally polarised since most 
metal interfaces have an excess of electrons at the surface, producing a slightly negative 
net charge. 
 
The important points to note from this model are that it is the double layer region where 
the potential difference between the electrode surface and the bulk electrode change the 
most. However, since there are two layers of charge, electrons in the metal and cations 
at the outer Helmholtz plane which are separated by a dielectric, the interface can be 
modelled as a capacitor. 
 
Capacitors are simply two charged interfaces separated by an insulator. 
 
The charge, q, which can be stored on a capacitor, depends on the capacity C, of the 
capacitor and the potential difference between the charged interfaces, E. The 
relationship is simply: 
Au
solvent molecules
+
+
+
+
+
+
-
-
-
-
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inner Helmholtz 
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CEq =   Equation 4 
 
Where  
q is charge 
C is capacitance 
E is potential difference 
 
The capacitance depends on the overlap area A, between the charged interfaces, the 
distance d, and the dielectric permittivity or dielectric constant of the dielectric 
material, τε   
 
d
A
C τεε 0=
  Equation 5 
 
Where 
οε  is the permittivity of free space which is a constant: 854.8  x 1210−  C 2 N 1− m 2− . 
 
As charge can be stored on a capacitor, a current must flow when a potential difference 
is applied. 
 
 
Since by definition: 
 
dt
dqi =
  Equation 6 
 
Where: 
i is current 
q is charge 
t is time 
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So the current that flows when a capacitor is charged is: 
 
dt
dECi =
 Equation 7 
 
 
Where 
dt
dE   is the sweep rate in say a cyclic voltammetry experiment. 
 
It is now possible to model the electrode interface as a capacitor and demonstrate that a 
polarised electrode in an experiment provides the capacitive charging component of the 
total measured current together with the Faradaic current which results from oxidation 
or reduction of an electroactive species:   
 
vecapacitatiFaradaictotal iii +=   Equation 8 
 
 
So the capacitive charging current is frequently termed the double layer charging 
current. 
 
2.5 Cyclic Voltammetry (CV) 
 
A simple potential waveform that is often used in electrochemistry is the linear 
waveform, that is, the potential is continuously changed as a linear function of time, 
shown in Figure 14.  The rate of change of potential with time is referred to as the scan 
rate (v).  
The simplest technique that uses this waveform is linear sweep voltammetry.  The 
potential range is scanned in one direction, starting at the initial potential and finishing 
at the final potential.  A more commonly used variation of the technique is cyclic 
voltammetry, in which the direction of the potential is reversed at the end of the first 
scan.  Thus, the waveform is usually of the form of an isosceles triangle.  This has the 
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advantage that the product of the electron transfer reaction that occurred in the forward 
scan can be probed again in the reverse scan.  In addition, it is a powerful tool for the 
determination of formal redox potentials: detection of chemical reactions that precede 
or follow the electrochemical reaction and evaluation of electron transfer kinetics.  
An example waveform that can be used in cyclic voltammetry is shown below:  In this 
example it is assumed that only the reduced form of the species is initially present.  
Thus, a positive potential scan is chosen for the first half cycle during which an anodic 
current is observed. The product generated during the forward scan is available at the 
surface of the electrode for the reverse scan resulting in a cathodic current. 
 
 
 
 
 
 
Figure 14. A simple schematic model of the complex waveform composed of 
two equilateral triangles.  
 
As the voltage is scanned in the positive direction, so the reduced compound is oxidised 
at the electrode surface.  At a particular set value, the scan direction is reversed and the 
material that was oxidised in the outward excursion is then reduced.  Once the voltage 
is returned to the initial value, the experiment can be terminated.  In this example 
High 
Low 
  Initial  Time 
Pos 
     Neg 
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however, a further voltage excursion takes place to more negative or more reducing 
values.  This may be useful in probing for other species present in the sample or for 
investigating any electroactive products formed as a result of the first voltage 
excursion.  
 
 
 
 
 
 
 
Figure 15. A simple schematic model of the basic shape of the current 
response for a cyclic voltammetry experiment (Adapted from Electrode 
Dynamics, A Fisher 1996) 
 
At the start of the experiment, shown in Figure 15, the bulk solution contains only the 
reduced form of the redox couple so that at potentials lower than the redox potential 
there is no net conversion of R into O, the oxidised form (point A).  As the redox 
potential is approached, there is a net anodic current which increases exponentially with 
potential.  As R is converted into O, concentration gradients are set up for both R and 
O, and diffusion occurs down these concentration gradients.  At the anodic peak (point 
B), the redox potential is sufficiently positive that any R that reaches the electrode 
 
Potential (mV) 
A
B
C
D
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surface is instantaneously oxidised to O.  Therefore, the current now depends upon the 
rate of mass transfer to the electrode surface.  
Upon reversal of the scan (point C), the current continues to decay until the potential 
nears the redox potential.  At this point, a net reduction of O to R occurs which causes a 
cathodic current, which eventually produces a peak shaped response (point D).  
If a redox system remains in equilibrium throughout the potential scan, the 
electrochemical reaction is said to be reversible.  In other words, equilibrium requires 
that the surface concentrations of O and R be maintained at the values defined by the 
Nernst Equation.  
The response observed during a voltammetry experiment depends strongly on the rate 
that material approaches the electrode surface. 
The concentration of electroactive species present in a solution also plays a major role 
in determining the response observed in a voltammetric experiment 
 
2.6 Differential Pulse Voltammetry (DPV) 
 
The basis of all pulse techniques is the difference in the rate of the decay of the 
charging and the Faradaic currents following a potential step pulse. The charging 
current decays exponentially, whereas the Faradaic current (for a diffusion-controlled 
current) decays as a function of 1/(time)½  34, that is, the rate of decay of the charging 
current is considerably faster than the decay of the Faradaic current. Therefore, after 
this time, the measured current consists solely of the Faradaic current. So measuring the 
current at the end of a potential pulse allows discrimination between the Faradaic and 
charging currents. 
 
The parameters to be considered for pulse techniques are:  
 
Pulse amplitude.  The height of the potential pulse. 
   
Pulse width. The duration of the potential pulse. 
  
Sample period. The time at the end of the pulse during which the current is measured. 
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The potential waveform for differential pulse voltammetry is shown in Figure 16. The 
potential waveform consists of small pulses (of constant amplitude) superimposed upon 
a staircase waveform.  The current is sampled twice in each Pulse Period (once before 
the pulse, and at the end of the pulse), and the difference between these two current 
values is recorded and displayed.  
 
 
 
 
 
 
Figure 16. Schematic interpretation of a potential waveform for differential 
pulse voltammetry. (Adapted from Bard & Faulkner, Electrochemical methods 
2nd Ed.) 
 
2.7 Current decay due to capacitive charging. 
 
The charging current is also part of the total measured current which decays with time. 
If the solution/electrode interface is modelled as a solution resistance (Rs) in series with 
a double layer capacitor (Cdl), then the potential difference across the double layer can 
be resolved as having two components as shown below. 
 
 
51 
 
 
 
 
 
 
 
                                                 Rs           Cdl 
 
Figure 17.A basic schematic model of a resistor and double layer capacitor 
in parallel. 
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Figure 18. Voltammogram illustrating Faradaic and capacitative current 
decay over time. 
 
The charging current is largely dependent on the concentration of the electroactive 
species one is trying to measure. The Faradaic current is directly proportional to the 
concentration of that electroactive species shown in Figure 18. 
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This leads to potential difficulties if the electrode surface is rough or if the electroactive 
species is low. 
 
 
In the case of a rough electrode, the real surface area will be very high, but the diffusion 
layer (which relates to the rate at which species diffuse to the surface) will be much 
lower, since the diffusion is some distance from the electrode surface. Hence the 
capacitance will be very high, as will be the capacitive charging current.  
In the case of low concentration of electroactive species, the Faradaic current will be 
very low. In both cases, the capacitive current may ‘swamp’ the signal of interest, or 
distort the measured values, leading to inaccuracies in measurements or no 
measurement at all. 
In a typical cyclic voltammetry experiment, it can be imagined that the linear voltage 
one applies with respect to time, is actually a staircase shape (this is in fact true for 
most modern digital potentiostats). The result is that electrode charging can be 
problematic. 
This can be overcome by applying a potential step, waiting a few seconds and then 
measuring the current. By waiting a few seconds (generally milliseconds in practise), 
the capacitive charging current will have decayed, but the Faradaic current will still be 
significant. In addition, the differential current, that is the difference in current before 
the pulse and at some time after the pulse, can also be measured. 
 
2.8 Chronoamperometry (CA) and the Cottrell Equation 
 
Chronoamperometry is used to study diffusion-controlled electrochemical reactions and 
complex electrochemical mechanisms.  It is performed by applying an initial potential 
at which no faradaic reaction is occurring, then stepping the potential to a value at 
which the electrochemical reaction of interest takes place.  The solution is generally 
unstirred and the current is measured throughout the experiment.  
Immediately following the step, a large current is detected which falls steadily with 
time, shown in Figure 19. This arises since the magnitude of the current is controlled by 
the rate of diffusion of electroactive species to the electrode. The concentration 
gradients shortly after the step are extremely large since there has been little time for 
any depletion of the electroactive material to occur. Consequently, the currents flowing 
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are initially large. Gradually, as depletion occurs, the diffusion layer thickness increases 
and the current decreases. The Cottrell Equation describes the current response as a 
function of time.  
 
 
CA uses the potential wave form, the potential step, which is one of the simplest 
potential wave forms. As shown below, the potential is changed instantaneously from 
the Initial Potential to the First Step Potential, and it is held at this value for the First 
Step Time. This is a single potential step experiment. In a double potential step 
experiment, the potential is changed to the Second Step Potential after the First Step 
Time, and it is then held at this value for the Second Step Time. In CA, the current is 
monitored as a function of time. It is important to note that the basic potential step 
experiment on the epsilon is CA; that is, during the experiment, the current is recorded 
as a function of time. However, after the experiment, the data can also be displayed as 
charge as a function of time (the charge is calculated by integrating the current).  
 
 
 
 
Figure 19. Potential wave form for chronoamperometry.  (Adapted from 
Bard & Faulkner, Electrochemical methods 2nd Ed.) 
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The analysis of chronoamperometry (CA) data is based on the Cottrell equation, which 
defines the current-time dependence for linear diffusion control: 
 
 
2
1
2
1
2
1 −−= tpnFACDi   2.8.1 
 
 
The Cottrell Equation  
Where 
n = number of electrons transferred/molecule 
F = Faraday's constant (96,500 C mol-1) 
A = electrode area (cm2) 
C = concentration (mol cm-3) 
D = diffusion coefficient (cm2 s-1) 
P = Pi (3.14) 
t = time 
 
This indicates that, under these conditions, there is a linear relationship between the 
current and the inverse square root of time. A plot of i vs. t-½ is often referred to as the 
Cottrell plot. Although the current decay may appear to be exponential (in the case of 
adsorbed redox species), it actually decays as the reciprocal of the square root of time. 
This dependence on the square root of time reflects the fact that physical diffusion is 
responsible for transport of the analyte to the electrode surface. 
 
2.9 Surface adsorbed species 
 
The voltammetric behaviour of a molecule adsorbed uniformly on the electrode surface 
must also be considered here. If the species is capable of undergoing a reversible one 
electron transfer, the resulting voltammogram will display a two-peak relationship as 
shown in Figure 20. On the forward scan, a peak is seen which corresponds to the 
reduction of adsorbed species A to from B, which remains adsorbed on the surface. On 
the return scan, a current is observed which indicates the reverse, where B is 
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reconverted to adsorbed A. When compared to a solution phase one-electron transfer 
voltammogram, several differences become apparent. 
Firstly, both forward and reverse peaks are symmetrical and the observed current 
returns to zero. Also, an absence of current at potentials greater than the reduction 
potential of A is observed, due to the limited amount of A adsorbed onto the surface. 
Once this limited amount of A has been converted to B no further electron transfer can 
take place. When compared to the solution phase reaction: reactant is continually 
transported to the electrode by diffusion from the bulk, the observed symmetry of the 
peaks occurs since the electrode reaction is controlled by a one electron transfer 
mechanism and not by a coupled mechanism of diffusion and electron transfer. This 
also explains why the maxima of the forward and reverse peaks coincide. The areas of 
each peak will be identical and can provide a direct measure of the amount of charge 
required to drive the reaction, which in turn will indicate the amount of species 
adsorbed onto the surface. However, these reactions and resulting voltammograms may 
occur in ideal behaviour but deviation will occur if, for example, the surface adsorbed 
species is not charge stable or if it becomes desorbed from the surface during the 
experiment. If a reduction in the height of the reverse peak is observed, it is likely that 
the species is desorbing slowly. More importantly here, deviations from the model 
voltammetric behaviour can then be used to probe the stability and nature of the 
surface/species bond and provide some insight into the electrochemical behaviour of 
the molecule under investigation.  
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Figure 20. A simple schematic model of a Cyclic voltammogram from a 
surface adsorbed species (Adapted from Electrode Dynamics, A Fisher 1996) 
 
 
2.10 Interactions between protein and surface.  
 
The apparent activity of an enzyme can be reduced after immobilisation and this in turn 
may be due to several factors. Firstly, the chosen immobilisation chemistry may not be 
optimal and may lead to modification of the active site. Even when the immobilisation 
does not interfere with the active site, the nature of the support may produce diffusional 
barriers. Also, the very act of immobilisation may lead to unfavourable conformational 
changes in the protein or reduce the conformational mobility of the enzyme. Although 
the immobilisation matrix is often seen as solely a support for the enzyme, it may 
nevertheless introduce partitioning effects. A positively charged matrix for example 
will exclude protons so an enzyme in this matrix will exhibit a lower optimal pH than 
usual.  
 
2.10.1 Van der waals forces 
 
These bonds exist between non-polar molecules or atoms.  They are the weakest of all 
the intermolecular forces.On average the negative charge of the electrons in an atom or 
molecule is spread evenly.  For brief periods of time the electrons are concentrated on 
one side of the atom or molecule more than the other.  This gives the atom or molecule 
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a temporary partial negative charge - a temporary dipole moment. This dipole moment 
will induce a temporary dipole in a neighbouring atom by attracting/repelling its 
electron charge cloud.  A fraction of a second later the electron distribution changes 
causing and the temporary dipole-dipole attraction (Van der Waals attraction) to 
break.  This means that the attraction is weak compared to hydrogen bonding or dipole-
dipole attractions.  As the size of the atoms or molecules increases there are more 
electrons so the temporary partial charge is bigger resulting in stronger attraction.   
These forces, although transient and weak, can provide an important component of 
protein structure due to their large numbers. Most atoms of a protein are packed 
sufficiently close to others to be involved in transient Van der Waals attractions.  
 
2.11 Physisorption and Chemisorption 
 
Molecules and atoms can attach to surfaces in two ways. In physisorption, there is a 
Van der Waals interaction between the absorbate and the surface. Van der Waals 
interactions have a long range but are weak and the low energy change is insufficient to 
lead to bond breakage so a physisorbed molecule retains its identity although it may 
become distorted by the presence of the surface.  
In chemisorption the molecules stick to the surface by forming a chemical, usually 
covalent, bond. The enthalpy of chemisorption is very much greater than physisorption. 
A chemisorbed molecule may be torn apart by the unbalanced valancies of the surface 
atoms. Also the existence of molecular fragments on the surface, as a result of 
chemisorption, is one reason why solid surfaces catalyse reactions.  
It is important to note however that proteins are not uniform in charge or hydrophobic 
group distribution and may have some segments that are predominantly hydrophobic 
and others that are hydrophilic.  
The enthalpy of absorption depends on the extent of surface coverage due to the 
interaction of the absorbate particles.  
 
2.12 The Langmuir Isotherm 
 
Whenever a gas is in contact with a solid there will be an equilibrium established 
between the molecules in the gas phase and the corresponding adsorbed species 
(molecules or atoms) which are bound to the surface of the solid.  
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As with all chemical equilibria, the position of equilibrium will depend upon a number 
of factors. 
  
1. The relative stabilities of the adsorbed and gas phase species involved. 
  
2. The temperature of the system (both the gas and surface, although these are 
    normally the same). 
  
3. The pressure of the gas above the surface  
 
In general, factors (2) and (3) exert opposite effects on the concentration of adsorbed 
species - that is to say that the surface coverage may be increased by raising the gas 
pressure but will be reduced if the surface temperature is raised. 
The Langmuir isotherm was developed by Irving Langmuir in 1916 to describe the 
dependence of the surface coverage of an adsorbed gas on the pressure of the gas above 
the surface at a fixed temperature 4.  
 
When considering adsorption isotherms it is conventional to adopt a definition of 
surface coverage (θ) which defines the maximum surface coverage, or saturation of a 
particular adsorbate on a given surface, always to be unity, i.e. θmax = 1 . 
One of the simplest models that describe the interaction between two molecules in 
solution is the Langmuir adsorption isotherm 4. This model has been widely used and 
is based on three basic assumptions: i) Adsorption of molecules produces only a 
homogenous monolayer; ii) all binding sites are equivalent; iii) all occupied sites do 
not influence the binding reactions elsewhere. 
In order to understand the processes of molecular interactions on a surface it is 
assumed that only a limited number of binding sites are available. 
If one considers a reversible interaction between two molecules, A represents the 
ligate and B the immobilised ligand: 
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The process at the surface is described by the rate constants of adsorption onk  and 
desorption offk  from the surface which are related with the association rate of A and B 
[ ][ ]BAkon and the dissociation rate of AB complex [ ]ABkoff .  
When the two species are present in solution, association and dissociation will occur 
and with time the rates will become equal. When this occurs it is defined as 
equilibrium. In equilibrium conditions the concentration of [ ]A , [ ]B  and [ ]AB  are 
constants and so it can be written:  
 
[ ][ ] [ ]ABkBAk offon =  
Rearranging the equation  
 
[ ][ ][ ] Don
off K
k
k
AB
BA ==  
 
Where DK is the dissociation equilibrium constant and is the reciprocal of the 
association equilibrium constant AK :  
D
A K
K 1=  
The association rate constant has units onk  of M-1s-1 and the dissociation rate constant 
has units of offk s-1, it follows that the association constant AK has M-1 units and the 
dissociation constant DK has M units.  
The case described above is the simplest bimolecular interaction where other factors 
will not influence the interaction between the two species however, as one of the 
species does not move freely in solution, there are important factors that should be 
taken in consideration. The most important factor is the transport of the species A 
from the bulk into the interface where species B is present in very high concentration  
Therefore, the rate of formation of the complex species ( AB ) is also influenced by the 
mass transport rate constant from the bulk to the interface  
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Where bA  is the concentration of ligate in the bulk solution and iA is the concentration 
at the interface.  
 
2.13 Protein electrochemistry and Cytochrome P450 enzyme 
mechanisms. 
 
Electron transfer is fundamental to many biological processes. Direct electron transfer 
between an electrochemical working electrode and a redox active protein enables 
important mechanistic information to be determined. 
The transfer of electrons between and within proteins is an essential feature for many 
physiological processes, including biological energy transfer, metabolism and 
enzymatic catalysis. The mechanism of electron transfer usually involves protein–
protein interactions. In the case of a bacterial Cytochrome P450 enzyme the electrons 
are transferred from two other accessory proteins and then to P450 itself.  
In enzymes an appropriate conformational arrangement is important for the binding of 
the substrate to the active site and the transfer of charge to the enzyme. The use of 
electrochemistry allows investigation of the electrochemical properties of redox 
enzymes and their mechanisms by observing the direct electron transfer in real time. 
Cytochrome P450 enzymes are a vast family of haem-thiolate proteins with redox 
properties. They are known as mono-oxygenases because of their ability to activate 
molecular dioxygen into highly reactive oxygen species (ROS) and then to insert the 
oxygen into a wide variety of substrates. They are ubiquitous across the biological 
kingdom and the substrates and reactions of these enzymes are equally ubiquitous, 
ranging from drug metabolism to the biosynthesis of steroids and fatty acids, metabolic 
activation of procarcinogens and the generation of damaging ROS 5. 
Iron is capable of producing lethal levels of ROS in biological systems and requires 
careful regulation as a result. P450’s achieve this by substrate binding which changes 
the spin state of the haem at the centre of the molecule, thereby enabling stabilisation of 
bound ROS and oxygenation of the substrate, so in most cases, it is only when a 
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suitable substrate is bound to the P450 protein that oxygen also becomes bound which 
decreases the likelihood of ROS leaking out in the absence of the substrate 6. 
 
2.13.1 Haem spin state of Cytochrome P450 proteins. 
 
Spectrophotometric investigations of the UV spectral changes which occur during 
substrate binding have enabled a monitoring of the haemoprotein spin sate equilibria in 
P450 systems. However, these investigations also showed that the situation in the 
microsomal system was not as easily characterised as that which was exhibited in the 
purified proteins. Microsomal and purified bacterial P450 proteins are considered later 
in more detail.  
Purified microsome preparations are routinely used to study the role of cytochrome 
P450s and other enzymes involved in drug metabolism. These preparations are a rich 
source of membrane-bound, hydrophobic enzymes originating from rough and smooth 
endoplasmic reticulum. The vesicles, approximately 20 to 200nm, are isolated by 
differential centrifugation and are composed of three structural features: rough vesicles, 
smooth vesicles and ribosomes. Numerous enzyme activities are associated with the 
microsomal fraction 7. 
 
Some microsomal proteins appeared to reside primarily in the high spin state and 
consequently, may not require substrate binding to modulate their spin and redox 
equilibria for the initiation of catalytic activity. Even so, the general view is that 
substrate binding usually has a significant effect on both the spin state and the redox 
potential of most P450 enzymes. The change from predominantly low spin ferric to 
high spin brings about a lowering of the protein redox potential, thus it becomes less 
negative in value. This brings about a change to the heam environment, such that the 
substrate bound protein can be more readily reduced to the ferrous form by the 
interaction with a relevant redox partner (a reductase). The redox potentials of 
haemoproteins vary considerably. This may be due to the extent of surface exposure of 
the haem to the aqueous environment 6. 
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2.13.2 The Cytochrome P450 catalytic cycle. 
 
The P450 enzyme system is the major phase 1 biotransforming system in humans, 
accounting for more than 90% of drug biotransformations 8. This system has huge 
catalytic versatility and broad substrate specificity. The basic reaction catalyzed by 
P450 is mono-oxygenation which is the transfer of one oxygen atom from molecular 
oxygen to a substrate. The other oxygen atom is reduced to water during the reaction 
with the equivalents coming from the cofactor NADPH. The basic reaction is; 
 
RH (substrate) + O2 + NADPH + H+ = ROH (product) + H2O + NADP+ 
 
The end result of this reaction can be (N-) hydroxylation, epoxidation, heteroatom (N-, 
S-) oxygenation, heteroatom (N-, S-, O-) dealkylation, ester cleavage, isomerization, 
dehydrogenation, replacement by oxygen or even reduction under anaerobic conditions. 
The metabolites produced from these reactions can either be intermediates which have 
relatively little reactivity towards cellular systems and are readily conjugated; however 
some intermediates can be disruptive to cellular systems. Inert compounds need to be 
prepared for conjugation and thus the formation of potentially reactive metabolites is in 
most cases unavoidable 9. The active centre is the iron-protoporphyrin IX with an axial 
thiolate of a cysteine residue as fifth iron ligand. In the absence of a substrate at the 
beginning of the cycle the protein is in the hexa-coordinated low-spin ferric form with 
water being the sixth ligand. The resting state of the enzyme is the ferric FeIII complex. 
That has a water molecule as a distal ligand.  This is a low spin species. The entrance of 
the substrate in to the protein pocket displaces the water molecule resulting in the iron 
moving out of the plane of the porhyrin which weakens the bond with the ligands which 
then leads to a high spin state and the complex becomes a good electron acceptor. 
This triggers a one electron transfer from the reductase domain that reduces to the high 
spin ferrous FeII complex. 
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Figure 21. Interpretation of P450 and P450 reductase domains.  
Cytochrome P450 forms a dipole across the molecule, with the positive charge 
at the proximal face of the protein where the haem makes its closest approach to 
the surface, shown in Figure 21. (Adapted from Garrett & Grisham 1998). 
 
Ferrous porphyrin is an effective dioxygen binder which leads to the binding of 
molecular oxygen to produce the low spin ferrous dioxygen complex.  
The latter species is, again a good electron acceptor which causes another electron 
transfer from the reductase to give rise to the twice reduced ferric dioxo species.  
The distal oxygen atom is transferred to the substrate which is released and replaced by 
a water molecule to regenerate the resting state of the enzyme.  
The P450 catalytic cycle in Figure 22 shows the steps involved when a substrate binds 
to the enzyme. 
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Figure 22.  Schematic interpretation of the P450 catalytic cycle and 
associated haem spin states 10 (adapted from Garrett & Grisham 1998) 
 
(I) The normal state of a P450 with the iron in its ferric [Fe3+] state. The cycle is 
initiated by substrate (RH) binding to the native, predominantly low spin, ferric form  
  
(II) The substrate binds to the enzyme. This then facilitates the high spin ferrous 
complex. 
 
(III) The enzyme is reduced to the ferrous [Fe2+] state by the addition of an electron 
from NADPH cytochrome P450 reductase. The bound substrate facilitates this process. 
 
(IV, V) Molecular oxygen binds and forms an Fe2+OOH complex with the addition of a 
proton and a second donation of an electron from either NADPH cytochrome P450 
reductase or cytochrome b5. A second proton cleaves the Fe2+OOH complex to form 
water. 
 
(VI) An unstable [FeO]3+ complex donates its oxygen to the substrate. 
 
(VII) The oxidised substrate is released and the enzyme returns to its initial state (1)  
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2.14 Cytochrome P450 Protein Model Systems 
 
P450s are generally divided into two major classes (class I and class II) according to 
the different type of electron transfer systems they use. The class I family includes 
bacterial P450s which use a two component shuttle system consisting of an iron –
sulphur protein and a reductase. Class II P450s are the microsomal P450s which 
receive electrons from a single membrane bound enzyme, NADPH reductase, or 
Cytochrome P450 Reductase (CPR), which contains flavin adenine dinucleotide (FAD) 
and flavin mononucleotide (FMN) cofactors.  
P450 proteins or CYPs, in bacteria are generally soluble proteins requiring ferredoxin 
and ferredoxin reductase for the two electrons required for the CYP catalytic cycle, 
while CYPs in eukaryotic organisms are typically located in the endoplasmic reticulum 
with an associated NADPH – CPR complex providing the necessary reducing 
equivalents.  
 
In this work both systems were used. The bacterial P450 protein was produced from the 
soil dwelling bacteria Pseudomonas Putida and the microsomal proteins were extracted 
from the fruit fly Drosophila Melanogaster.  
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2.14.1 Class I Bacterial P450 proteins from Pseudomonas Putida. 
(P450cam, Cyp101) 
 
 
 
 
 
 
 
Figure 23.   Schematic diagram of Class 1 P450 protein systems.  
 
 
In class I systems shown in Figure 23, electrons are shuttled from NADPH through a 
Flavin Adenine Dinucleotide (FAD) containing ferredoxin reductase and an iron 
sulphur containing ferredoxin to P450. In the bacteria Pseudomonas Putida, these cells 
are identified as putidoredoxin (PdX) and putidoredoxin reductase (PdR). 
 
2.14.2 Class II Microsomal P450 proteins from Drosophila 
melanogaster (Cyp6g1). 
 
 
 
 
 
Figure 24. Schematic diagram of a class II P450 protein system. 
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In class II systems shown in Figure 24, electrons are delivered from NADPH through 
diflavin reductases containing FAD and FMN. In eukaryotes, these are bound to the 
endoplasmic reticulum (ER). This system is found in microsomal proteins. In cell 
biology, a microsome is a small vesicle, approximately 20-200nm in diameter, which is 
derived from fragmented endoplasmic reticulum when cells are homogenised. 
Purified microsome preparations are routinely used to study the role of cytochrome 
P450s and other enzymes involved in drug metabolism. These preparations are a rich 
source of membrane-bound, hydrophobic enzymes originating from smooth 
endoplasmic reticulum and rough endoplasmic reticulum that catalyze phase I reactions 
of metabolism. The vesicles are isolated by differential centrifugation and are 
composed of three structural features: rough vesicles, smooth vesicles and ribosomes. 
Numerous enzyme activities are associated with the microsomal fraction. 
Pseudomonads are globally active in aerobic decomposition and biodegradation, and 
hence, they play a key role in the carbon cycle. The camC gene in this bacterium 
encodes the Cytochrome P450 monoxygenase protein which protects the organism 
from chemical attack in its soil environment.  
 
Pseudomonas species are renowned for their abilities to degrade compounds which are 
highly refractory to other organisms, including aliphatic and aromatic hydrocarbons, 
fatty acids, insecticides and other environmental pollutants. Apparently, the only 
organic compounds that these pseudomonads can't attack are Teflon, Styrofoam and 
one-carbon organic compounds such as methane and formaldehyde.  Pseudomonads are 
also a regular component of microbial food spoilage in the field, in the market place, 
and in the home 5.  
 
Pseudomonas putida is a fast-growing bacterium found in most temperate soil and 
water habitats where oxygen is present. It can colonise the root area of crop plants and 
as a result is a useful tool to researchers in bioengineering to develop biopesticides and 
plant growth promoters 6. It is a flagellated rod-shaped bacterium that has the ability to 
degrade organic solvents. These solvents include toluene which is found in gasoline. 
This ability has been put to good use in bioremediation, or the use of microorganisms to 
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biodegrade oil. Pseudomonas Putida is a safe strain of bacteria, compared to the human 
nosacomial pathogen Pseudomonas Aeruginosa. 
In early 2006, researchers from University College, Dublin discovered that P. putida is 
capable of converting styrene oil into the biodegradable plastic PHA 7.  This may be of 
use in the effective recycling of Polystyrene foam, otherwise thought to be non-
biodegradable. This bacterium is also used as a soil inoculant in agriculture and 
horticulture. 
The genome analysis found P. putida has a single circular chromosome with nearly 6.2 
million DNA base pairs 8. Also, isothermal titration calorimetry (ITC) experiments 
have shown that the energetics of the P450cam and Putidaredoxin association exhibit 
van der Waals and hydrogen bonding interactions. The study also suggested that the 
association between Putidaredoxin and Putidaredoxin reductase might be dominated by 
hydrophobic interactions 9. 
In insects Cytochrome P450 proteins are encoded by a large multi-gene family and play 
an important role in the metabolism of both exogenous and endogenous compounds. 
The P450 gene Cyp6g1 is instrumental in the protection of the insect from insecticides.  
Mechanisms of insecticide resistance caused by the increased capacity of the insect to 
metabolise insecticides are not very well defined. Although most are believed to be the 
result of an increased expression of detoxification genes and rarely is the actual 
mutation identified. It has been shown that broad-spectrum insecticide resistance is 
widespread in populations of Drosophila melanogaster from around the world and that 
it is caused by the over-expression of the cytochrome P450 gene Cyp6g110. 
This important fruit fly, an insect about 3mm long, is of the kind that accumulates 
around spoiled fruit. It is also one of the most valuable of organisms in biological 
research, particularly in genetics and developmental biology. Drosophila has been used 
as a model organism for research for almost a century, and today, several thousand 
scientists are working on many different aspects of the fly. Its importance for human 
health was recognised by the award of the Nobel Prize in medicine and physiology to 
Ed Lewis and colleagues 11, 12. 
D. melanogaster is undoubtedly the most important model insect for the scientist. Of all 
the insects, Drosophila is the most understood and widely studied. Because of this work 
there have been identified a huge number of phenotypic markers for the mapping of 
resistance which lead to the location of a resistant locus 13. Almost a century of work 
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has been carried out turning Drosophila into one of the most important genetic tools 
available to a scientist studying resistance to insecticides. 
D. melanogaster has long been the model organism for geneticists from the early days 
of genetics at the beginning of the last century. These insects are easy to rear on a diet 
of treacle, oatmeal and a little yeast. They produce large numbers of offspring and have 
a simple and short lifecycle of 14 days. They are also very small so large numbers of 
strains can be kept in a confined space 14. D. melanogaster has a relatively small 
number of chromosomes and this makes the mapping of genotypes easier than for 
species with a large chromosome number 15. 
The eukaryotic microsomal P450 system contains two components: NADPH: P450 
reductase (CPR), a flavoprotein containing both FAD and FMN, and P450. CPR 
appears to be a fusion protein consisting of domains which are homologous to 
flavodoxin (FMN domain) and ferredoxin: NADP+ reductase (FAD domain).  
 
 
2.14.3 P450 substrates and their associated activities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  General interpretation of the catalytic cycle and enzymatic 
intermediates in P450 reactions (adapted from Alberts & Bray 1998). 
 
 
70 
2.14.4 Nicotinamide Adenine Dinucleotide (NADPH) as an indicator 
for P450cam activity.  
 
Cytochrome P450cams’ natural substrate is camphor. This white transparent waxy 
crystalline solid with a strong penetrating pungent aromatic odour, is also highly 
insoluble. 
Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide 
phosphate (NADP) are two important coenzymes found in cells. NADH is the reduced 
form of NAD, and NAD+ is the oxidized form of NAD. It forms NADP with the 
addition of a phosphate group. NAD is used extensively in glycolysis and the citric acid 
cycle of cellular respiration. The reducing potential stored in NADH can be converted 
to adenosine tri phosphate (ATP) through the electron transport chain or used for 
anabolic metabolism. ATP energy is necessary for an organism to live. Green plants 
obtain ATP through photosynthesis, while other organisms obtain it by cellular 
respiration. NADP is used in anabolic reactions, such as fatty acid and nucleic acid 
synthesis that require NADPH as a reducing agent. This reducing power is also intrinsic 
in the P450 cycle shown in Figure 25. 
 
 
 
 
 
 
Figure 26.  Scheme showing the electron flow from the reduced electron 
donor NADPH, through the flavoproteins and then onto P450 itself.   
This pathway, shown in Figure 26, would typically be found in Class II P450’s.  
 
Cytochrome P450cam catalyses the 5-exo hydroxylation of camphor in the first step of 
camphor catabolism, shown in Figure 27, by the bacteria Pseudomonas putida.  Cyp101 
forms a specific electron transfer complex with its physiological reductant, the Cys(4) 
Fe(2) S(2) ferredoxin putidaredoxin (Pdx) shown earlier.  
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With camphor bound at the active site, P450cam acts as the terminal monooxygenase in 
the d-camphor monooxygenase system. Under anaerobic conditions, this enzyme 
reduces the compounds bound at the camphor-binding site. Additionally, it is the only 
cytochrome P450 enzyme with a known crystal structure. Much of what is known 
about the molecular level structure/function relationships in P450 protein is based on 
studies with the camphor momooxygenase system from the bacterium Pseudomonas 
Puitda. P450cam was the first P450 to be purified and the first crystal structure to be 
solved. This work was published in 198716. 
 
 
 
                                                  Cyp6g1 
                                            
                                                                 
                                                 NADH                NAD+      
                                                     
                        
                                    + H+ + O2                        + H2O               
 
  
Figure 27. Scheme showing the 5-exo hydroxylation of camphor by 
P450cam and the involvement of NADH in substrate turnover.   
  
2.14.5 Resorufin Methyl Ether (MRES) as an indicator for the 
detection of microsomal P450 activity.  
 
Resorufin methyl ether is a bright red fluorescent dye that serves as the basis for 
enzyme substrates. It is a versatile model substrate for the Cyp6g1 protein. This 
compound exhibits an absorption maximum of around 571nm and emission spectra of 
around 585nm, which provides a useful platform for the detection of the molecules 
turnover by an enzyme 17.  
Resorufin methyl ether and the sodium salt Resorufin are both water soluble and exhibit 
reversible electron transfer behaviour 18. The Cyp6g1 enzyme mediated reduction of 
  OH 
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MRES in the presence of NADPH, shown in Figure 28, could therefore be followed in 
real time by following the decrease in reduction current. 
It was possible to follow the rate of reduction of MRES by protein microsomes 
extracted from the insecticide resistant strain of Drosophila melanogaster which over 
express the Cyp6g1 protein. Experiments in the absence of NADPH, and measurements 
on insecticide susceptible strains which comparatively under express the protein were 
also carried out. 
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Figure 28. Scheme showing the Cyp6g1 enzyme mediated demethylation of 
the substrate methoxy resorufin ether resulting in the product resorufin.  
 
 
 
2.14.6 Inhibition of Cytochrome P450 enzyme activity. 
 
It is important to note that these enzymes can be inhibited by various gases, chemicals 
and antibodies both in the body and experimentally. In drug therapy, this inhibition can 
result in an increase or decrease in pharmacological effects or toxicity from a drug. 
Therefore, P450 inhibition is an important consideration for the development of novel 
therapeutic agents and devices. Knowledge of the potential for a therapeutic agent to 
decrease P450 activity at an early stage reduces the risk of therapeutic failure.  
Inhibiting the enzymes activity in an experimental set up provides evidence of protein 
activity and active substrate turnover.  
In this work, the non-selective P450 inhibitor Carbon Monoxide (CO) was used. The 
gas was easy to handle in the experimental set up and the crystal structure of P450cam 
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with bound CO in the presence of substrate shows that the CO molecule ligates the 
haem iron and thus prevents access for the oxygen molecule and so inhibits substrate 
turnover 19.  CO has also been shown to inhibit microsomal P450 activity 23.  
 
 
2.15 Chapter Summary. 
 
 
Here, the electrochemical mechanisms observed in this project were considered and the 
theory which supports them. Also, the complex interactions and forces between a 
protein and an electrode surface were looked at. The two model protein systems 
employed in this work were then introduced as well as their corresponding substrates 
and associated biotransformation mechanisms. Next, the significant body of work 
which resulted in an expressed and purified bacterial protein is described.  
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3.1 Introduction 
 
Protein expression is the process by which a gene's DNA sequence is converted into the 
structures and functions of a cell. Protein purification is a series of processes intended 
to isolate a single type of protein from a complex mixture. The starting material is, in 
this case, a microbial culture. The various steps in the purification process may free the 
protein from a matrix that confines it, separate the protein and non-protein parts of the 
mixture, and finally separate the desired protein from all other proteins. Separation of 
one protein from all others is typically the most laborious aspect of protein purification. 
Separation steps exploit differences in protein size, physico-chemical properties and 
binding affinity 1. 
Purification may be preparative or analytical. Examples include the preparation of 
commercial products such as enzymes. Analytical purification produces a relatively 
small amount of protein for a variety of research or analytical purposes, including 
identification, quantification, and studies of the protein's structure, post-translational 
modifications and function 2.  
The choice of a starting material is key to the design of a purification process. In a plant 
or animal, a particular protein usually isn't distributed homogeneously throughout the 
organism. Different tissues have higher or lower concentrations of the target protein. 
Use of only the tissues with the highest concentration decreases the volumes needed to 
produce a given amount of purified protein. If the protein is present in low abundance, 
or if it has a high value, recombinant DNA technology may be employed to develop 
cells that will produce large quantities of the desired protein (this is known as an 
expression system). Recombinant expression allows the protein to be tagged, e.g. by a 
His-tag, to facilitate purification, which means that the purification can be done in 
fewer steps. In addition to this, recombinant expression usually starts with a higher 
fraction of the desired protein than is present in its natural source. 
An analytical purification generally utilises three properties to separate proteins. Firstly, 
proteins may be purified according to their isoelectric points by running them through a 
pH graded gel or an ion exchange column. Secondly, proteins can be separated 
according to their size or molecular weight via size exclusion chromatography or by 
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) analysis 3, 4. 
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Cytochrome P450 enzymes are about 500amino acid residues in length, including an N-
terminal endoplasmic reticulum (ER) retention signal. Removal of the N-terminal ER 
retention signal has been shown to markedly increase expression of cytochrome P450 
in bacterial cells without altering catalytic activity. In addition, co-expression of the 
electron supplying NADPH-cytochrome reductase increases cytochrome P450 activity 
in E. coli by a large factor 5, allowing recombinant P450 enzymes to be expressed at 
levels up to hundreds of nmol of protein per L of bacterial culture6.  
The most general method to monitor the purification process is by running an SDS-
PAGE of each of the different steps. This method was employed in this work and the 
results of this are shown later. This method only gives a rough measure of the amounts 
of different proteins in the mixture, and it does not distinguish between proteins with 
similar molecular weights. 
If the protein has a distinguishing spectroscopic feature or an enzymatic activity, this 
property can be exploited to detect and quantify the specific protein, and thus to select 
the fractions of the separation which contain the target protein.  
In order to evaluate the process of multistep purification, the amount of the specific 
protein has to be compared to the amount of total protein. The latter can be determined 
by the Bradford total protein assay and by absorbance of light at 280 nm which 
identifies the proteins peptide backbone. The results of these two methods are shown 
later. 
Depending on the source, the protein has to be brought into solution by breaking the 
tissue or cells containing it. There are several methods to achieve this. In this case 
sonication was used. The method of choice depends on how fragile the protein is and 
how sturdy the cells are. After this extraction process, soluble proteins will be in the 
solvent and can be separated from cell membranes, DNA and other cellular fractions by 
centrifugation. The extraction process also extracts proteases, which will start to digest 
the proteins in solution. As the protein used in this work was sensitive to proteolysis, it 
was desirable to proceed quickly, and keep the extract cooled in order to slow this 
process down.  
Usually a protein purification protocol contains one or more chromatographic steps. 
The basic procedure in chromatography is to flow the solution containing the protein 
through a column packed with various materials. Different proteins interact differently 
with the column material, and can thus be separated by passing the solution through the 
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column. The proteins are then detected as they are eluted from the column by their 
absorbance at 280 nm.  
Ion exchange chromatography separates compounds according to the nature and degree 
of their ionic charge. The column to be used is selected according to its type and 
strength of charge. Anion exchange resins have a positive charge and are used to retain 
and separate negatively charged compounds, while cation exchange resins have a 
negative charge and are used to separate positively charged molecules. 
Before the separation begins, a buffer is pumped through the column to equilibrate the 
opposing charged ions. Upon injection of the sample, solute molecules will exchange 
with the buffer ions as each competes for the binding sites on the resin. The length of 
retention for each solute depends upon the strength of its charge. The most weakly 
charged compounds will elute first, followed by those with successively stronger 
charges. Because of the nature of the separating mechanism, pH, buffer type, buffer 
concentration, and temperature all play important rolls in controlling the separation. 
Ion exchange chromatography is a very powerful tool for use in protein purification and 
is frequently used in both analytical and preparative separations. 
 
 
3.1.1 Protein Separation 
 
Ion exchange chromatography (IEC) is applicable to the separation of almost any type 
of charged molecule, from large proteins to small nucleotides and amino acids. 
It is very frequently used for proteins and peptides, under widely varying conditions. 
Desorption is then brought about by increasing the salt concentration, shown in Figure 
29, or by altering the pH of the mobile phase. Ion exchange containing diethyl 
aminoethyl (DEAE) groups are most frequently used in biochemistry. 
The property of a protein that governs its adsorption to an ion exchanger is the net 
surface charge. Since surface charge is the result of weak acidic and basic groups of 
protein; separation is highly pH dependent. Going from low to high pH values the 
surface charge of proteins shifts from a positive to a negative surface charge At a pH 
value below its isoelectric point a protein (+ surface charge) will adsorb to a cation 
exchanger (-). Above the isoelectric point protein (-surface charge) will adsorb to an 
anion exchanger (+), such as one containing DEAE-groups 7.  
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Figure 29.  Schematic interpretation of elution of proteins with increasing 
salt concentration (adapted from Alberts 1998). 
 
 
 
3.1.2 Plasmid DNA extraction 
 
Plasmids used in genetic engineering are called vectors. They are used to transfer genes 
from one organism to another, and typically contain a genetic marker conferring a 
phenotype that can be selected for or against, shown in Figure 30. Most also contain a 
polylinker or multiple cloning site (MCS), which is a short region containing several 
commonly used restriction sites allowing the easy insertion of DNA fragments at this 
location 9. 
Plasmids are often used to purify a specific sequence, since they can easily be purified 
away from the rest of the genome. For their use as vectors and for molecular cloning, 
plasmids often need to be isolated. 
There are several methods to isolate plasmid DNA from bacteria. For this work the 
Novagen SpinPrep™ Plasmid miniprep method was used. This method can be used to 
quickly find out whether the plasmid is correct in any of several bacterial clones. The 
yield is a small amount of impure plasmid DNA, which is sufficient for analysis by 
cloning techniques.  
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Figure 30. Scheme indicating steps involved in inserting gene of interest 
into a plasmid to produce a clone.  
 
EcoR1 are the restriction endonucleases, which cleave DNA at specific sites. 
The cells containing the plasmid of interest were then grown to provide a supply 
of protein (adapted from T.A.Brown, 2006). 
 
3.1.3 Transformation by heat shock 
 
Heat shock proteins (HSPs), also called stress proteins, are a group of proteins that are 
present in all cells in all life forms. They are induced when a cell undergoes various 
environmental stresses like heat, cold and oxygen deprivation 10. 
The process of transformation changes the bacteria from being susceptible to resistant 
to an antibiotic. The resistant gene is inserted into the bacteria via this process. This 
enables the bacteria to acquire foreign DNA, which results in the transformation or 
alteration of the bacteria's characteristics.  
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Freshly prepared cells were used for the transformation procedure. 2-5ul of the chosen 
vector was added to 100ul of frozen competent cells which had previously been primed 
to take up DNA. 
 
3.1.4 Heat shock 
The cell preparation was kept at 0°C for forty five minutes on ice followed by 
45seconds in a water bath at 42°C. The process was then repeated at 0°C for but for two 
minutes. The whole protein solution volume was then added to 1ml Luria-Bertani (LB) 
nutrient growth media, and then shaken at 180rpm for 50min at 30°C. 
250ul were then spread onto LB agar containing 34ug/mL of the antibiotic 
Chloramphenicol and grown for thirty hours at 30°C.  The two most viable colonies 
were picked with a toothpick and grown in 2mL of LB media containing 
Cloramphenicol and incubated overnight at 30°C.  
3.1.5 Growth of P450cam (Cyp101) gene. 
 
A supply of DNA was produced which coded for P450cam as previously described. 
The growth characteristics of the E. Coli JM109 strain containing the pAW7292 
plasmid were determined by producing a growth profile of the organism.  
In order to determine the optimum conditions for growth and induction, a growth 
profile of the organism was required. This was achieved by measuring the optical 
density (OD600) of the culture at determined time intervals, producing a growth curve. 
This confirms the viability of the cells as well as providing an estimation of how long 
the cells should be allowed to grow before induction.  
The E. coli JM109 strain competent cells containing the camC gene of interest, 
pRH1091, were plated onto LB growth media. This gene codes for antibiotic resistance. 
A promoter region was also present. (JM109 cells are standard for routine cloning 
applications). High selective pressure was maintained by including a high concentration 
of the antibiotic, Chloramphenicol. 2ul of a 34mg per ml stock was added to 20ul of 
cells in the starter culture. The cells were then grown at 30ºC for thirty hours. 
A single colony was then inoculated into 5ml LBcm and grown at 30ºC overnight. 
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This preparation was then inoculated into 500ml LBcm and, again grown at 30ºC 
overnight. 
30mls per litre were then inoculated into 12 x 1L LBcm, with 4ml glycerol added, and 
grown for 4 to 6 hours at 30ºC to an optical density at 600nm of 1.0 AU.  
The incubation temperature was then increased to 37ºC and camphor was added to 
1mM. Although camphor is the proteins natural substrate, it also provided a structural 
framework enabling the protein to fold. The preparation was then left to grow for a 
further 6 to 8 hours, shown in Figure 31. 
The 30ºC preparations promoted cell division as the promoter region was not active 
below this temperature, but the proteins of interest were not expressed until the culture 
temperature was increased to 37ºC. 
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Figure 31. Cell growth curve at OD600. E Coli  JM109 competent cells 
containing the camC gene of interest pRH1091 in the plasmid pAW7292,. 
The cells were grown in LB broth at 30°C for 9 hours. At 6 hours the media was 
inoculated with camphor and the temperature increased to 37°C to promote 
protein production.   
 
 
3.1.6 Harvest and lysis of cells 
 
The cells were then harvested by centrifugation in a 600 x 500ml rotor for 5minutes at 
5000rpm at 4ºC. Each cell pellet was then resuspended and combined in 20mls of 
buffer P (buffer P consisted of 40mM potassium phosphate and 1mM camphor, at 
pH7.4). 
The cells were then lysed by sonication for 1 minute. This was carried out using a 
200ml beaker of sample kept on ice at all times. The suspension was then left to cool 
for 1 minute and the sonication process repeated 9 times.  
1ml of the suspension was spun down for 1min and the pellet examined by eye to check 
for any red colouration. If any red was seen, the sonication process was repeated. The 
red colour indicated whole cells in the solution. 
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The lysed cells were then transferred to 50ml Oak Ridge tubes and the cell debris 
removed by centrifugation using an 8 x 50ml rotor for 20 minutes at 18000rpm at 4ºC. 
The resulting cell free supernatant was removed and combined.    
 
3.2 Separation and purification of proteins by Fast Protein 
Liquid Chromatography (FPLC) 
 
3.2.1 Gradifrac DEAE Sepharose Ion Exchange Chromatography 
 
All protein separation was carried out on an ÄKTA™ design system from Amersham 
Pharmacia Biotech Ltd.  
The ion exchange column was a HiTrap™ 16/10 Sepharose™ FF IEX from Amersham 
Biosciences, UK. 
The G25 de salting column was a HiPrep™ 26/10 from Amersham Biosciences, UK.  
All filters were Amicom from The Millipore Corporation. 
PD10 columns were from Amersham Biosciences, UK. 
 
Firstly, the column was equilibrated using 1L of buffer P ran on programme 1(column 
wash at 6mls per minute) twice. 
The cell free extract was then loaded onto the column using programme 9 (monomer-
dimer separation at 6mls per minute) followed by a manual programme (purification 
standard programme at 6mls per minute) 
The protein was then eluted with a gradient of 80mM to 230mM KCL in buffer P over 
4 litres using programme 2. The coloured fractions were collected. The column was 
then washed with 500ml of 2 mol dm-3  NaCl followed by 1L of Milli Q. 
The G25 column was then equilibrated using 1L of buffer P. 
 
3.2.2 Equilibration of protein for FPLC. 
 
The protein was concentrated using a 200ml Amicon and YM-30 membrane into 30mls 
of buffer P. 
The protein was then loaded onto a G25 de-salting column and eluted with buffer P. 
The protein solution was then filtered using a 0.22um Amicom filter. Shown in Figures 
32 and 33.
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3.2.3 Final protein purification by FPLC 
 
2L of buffer P and 1L of buffer P with 1M KCL was prepared, filtered and degassed. 
The FPLC pumps were washed and the column equilibrated. 
The fractions were collected and all fractions with an absorbance A392/A280 ratio of > 
1.6AU were combined. As these proteins have an iron centre, they absorb strongly at 
around 400nm. 
 
3.2.4 Equilibration and storage of protein   
 
At the end of protein purification, the protein usually has to be concentrated. 
Ultrafiltration concentrates a protein solution using selective permeable membranes. 
The function of the membrane is to let the water and small molecules pass through 
while retaining the protein. The solution is forced against the membrane by 
centrifugation. 
The protein was concentrated using a 200ml Amicon with a YM-30 membrane to 
approximately 100um. The protein solution was then filtered through a 0.22um filter 
into a fresh 50ml tube. An equal volume of glycerol was then added, mixed and stored 
in 1.5ml aliquots at -20ºC. The addition of the glycerol helped to prevent freezer 
damage. Prior to analysis, the protein solution was passed through a PD10 column to 
remove the glycerol. 
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Figure 32. Chromatogram of evaluation of purified P450 protein run via 
FPLC.  
The chromatogram shows the haem peak in red from the proteins iron centre at 
392nm and the protein peptide backbone peak in blue at 280nm. The later peak 
denotes the conductivity of the salt. The jagged peaks are typical of the first 
purification run and is indicative of an impure sample.  
 
 
 
 
 
 
Figure 33.  Chromatogram of evaluation of purified P450 protein run via 
FPLC.  
The second run following desalting indicates a purer sample. The heam and 
peptide backbone peaks are more clearly resolved. 
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3.2.5 Investigation of protein purity by gel electrophoresis 
 
Gel electrophoresis is a method that separates macromolecules on the basis of size, 
electric charge, and other physical properties. The gel is a colloid in a solid form and 
‘electrophoresis’ describes the migration of charged particles under the influence of an 
electric field. Activated electrodes at either end of the gel provide the driving force. A 
molecule's properties determine how rapidly an electric field can move the molecule 
through the gelatinous medium.  
Proteins are usually denatured in the presence of a detergent such as sodium dodecyl 
sulfate (SDS) which coats the proteins with a negative charge. Generally, the amount of 
SDS bound is relative to the size of the protein, so that the resulting denatured proteins 
have an overall negative charge, and all the proteins have a similar charge to mass ratio. 
Since denatured proteins are rod shaped instead of having a complex tertiary shape, the 
rate at which the resulting SDS coated proteins migrate in the gel is relative only to its 
size and not its charge or shape. The protein P450cam had a weight of 46.9 kiladaltons 
(kDa). 
After the electrophoresis run, the molecules in the gel can be stained to make them 
visible, shown in Figure 34.  Coomassie blue dye was used in these experiments. 
Protein samples were collected at each step of purification. 10ul of each sample was 
added to a NuPAGE® Bis-Tris Gel, from Invitrogen, UK, prior to the electrophoresis 
run.  
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Figure 34.  NuPAGE® Bis-Tris Gel showing increasing purity of P450cam.  
From left 
Track 1. Protein molecular weight standard. 
Track 2. 30°C cell growth stage.  
Track 3. 37°C cell growth stage. 
Track 4. Following cell lysis by sonication. 
Track 5. Following centrifugation. 
Track 6. After the de-salting purification step by FPLC. 
Track 7. The final pure protein sample, which has a molecular weight of 46.9kDa. 
 
 
3.2.6 Investigation of Protein Activity and Concentration  
 
In order to investigate an enzyme, two properties must be accounted for; the total 
amount of protein present and the total amount of activity. This is true for studies on the 
purification of the enzyme and almost any characterization study that is to be 
performed. Over time many enzymes lose their activity, even though the total protein 
present in a sample may remain constant.  
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Absorbance assays are fast and convenient, since no additional reagents or incubations 
are required. No protein standard need be prepared and the assay does not consume the 
protein. The relationship of absorbance to protein concentration is linear. However, 
different proteins and nucleic acids have widely varying absorption characteristics. Any 
non-protein component of the solution that absorbs ultraviolet light could also interfere 
with the assay. The most common use for the absorbance assay is to monitor fractions 
from chromatography columns as in this case. 
Proteins in solution absorb ultraviolet light with absorbance maxima at 280 and 200 
nm. Amino acids with aromatic rings are the primary reason for the absorbance peak at 
280 nm. Peptide bonds are primarily responsible for the peak at 200 nm. Secondary, 
tertiary, and quaternary structure all affect absorbance, therefore factors such as pH, 
ionic strength, etc. can alter the absorbance spectrum 11. 
 
Absorbance Assay at 280nm 
 
 
Figure 35. Absorbance spectra of Cyp101 P450 protein in phosphate 
buffered saline (pH7.4). 
Figure 35 shows an absorbance peak at approximately 400nm (haem peak) and 
at approximately 280nm (protein peptide backbone peak). This confirmed that 
the expressed and purified protein had an intact structural conformation.  
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3.2.7 NADPH consumption activity assay via UV vis absorption 
spectroscopy 
 
This time, the proteins activity was investigated and the loss of co enzyme, shown in 
Figure 36, was observed in the assay. The enzyme under investigation was at low 
concentrations compared with the other two, putidaredoxin and putidaredoxin 
reductase, which were in excess. 
These two additional enzymes enable a flow of electrons down a potential gradient 
from NADPH to putidaredoxin reductase to putidaredoxin itself which needs to be 
present in order for this particular P450 protein to be active. 
A 2x reaction buffer was prepared, which consisted of buffer P with 200mM KCL and 
2mM camphor. 
The three enzymes, P redoxin, P reductase and P450cam, were then added. The 
reaction solution mixture was then placed into a 1ml cuvette and positioned in a 
spectrophotometer which was set at 340 nanometres. The NADPH was then added, the 
cell was inverted to mix and measurements were taken. 
 
Concentrations of original stock solutions. 
 
P450cam 29.6µM 
Putidaredoxin 80µM 
Putidaredoxin reductase 37.4µM 
NADH 156mM 
 
In final reaction of 1ml 
 
P450cam 0.1µM   (3.38µl) 
Pd 10uM (125µl) 
PdR 1uM (26.6µl) 
NADH 250uM (1.6µl) 
Reaction buffer (50mM Tris pH7.4 with 2mM camphor) (480µl) 
Buffer T (50mM Tris pH 7.4) 
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Figure 36.  NADPH consumption activity assay via UV vis absorption 
spectroscopy of Cyp101 P450 protein, P. redoxin and reductase in reaction 
buffer at 340nm. 
 
 
The activity number was calculated as follows;   
Where 
ΔA340 = change in absorbance at 340 nanometres divided by: 
Δt = time of linear decrease in absorbance. 
[E] = concentration of enzyme in µM.  
6.22 x 10 -3 = extinction coefficient of NADPH 
 
 
Activity number = number of mols NADPH consumed per mol of enzyme per second. 
N = ΔA340/ (Δt x 6.22 x 10 -3 x [E]) 
Beers law was used to calculate the proteins activity number. 
Five runs produced an average activity of N/Sec-1 24.85 which compared favourably to 
published results 3, 9. 
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The Beer-Lambert law (or Beer's law) is the linear relationship between absorbance and 
concentration of an absorbing species. When working in concentration units of 
molarity, the Beer-Lambert law is written as: 
cbA ⋅⋅= ε   Equation 9 
Where : 
A is absorbance 
ε is the wavelength-dependent molar absorptivity coefficient with units of M-1 cm-1.  
b is the light path length in cm 
c is the concentration of the absorbing compound 
 
These experiments showed that the expressed and purified Cyp101 P450 protein had 
intact structural conformation as well as enzymatic activity.  
 
3.3 The extraction of microsomal P450 protein from 
Drosophila Melanogaster. 
 
Microsomes can be concentrated and separated from other cellular organelles by using 
a centrifuge to produce differential centrifugation. Unbroken cells, nuclei, and 
mitochondria sediment out at 10,000g, whereas soluble enzyme and fragmented ER, 
which contains the P450s, remain in solution. At 100,000g, achieved by faster 
centrifuge rotation, ER sediments out of solution as a pellet but the soluble enzymes 
remain in the supernatant. In this way, P450s in microsomes are concentrated and 
isolated.  
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3.3.1 Microsome preparation 
 
Drosophila Melanogaster flies were collected at less than seven days old and snap 
frozen in liquid nitrogen. They were then stored at -80°C for use in future assays. 
 
All buffers were kept at 4ºC 
100 mM phosphate buffer pH 7.2 (K2HPO4/KH2PO4) 
1 mM EDTA (ethylenediaminetetraacetic acid) 
0.1 mM DTT (dithiothreitol) 
0.4 mM PMSF (phenylmethylsulphonylfluoride) 
 
All work was carried out on ice. The heads were removed from the flies by placing 
them in liquid nitrogen then transferring to a brass sieve (850 μm aperture, Fisher cat 
no. SIH-400-150B) and running fingers over the flies. The flies were crushed in 5 ml 
phosphate buffer in a 5ml hand homogenizer, then filtered through muslin and 
transferred back to the homogenizer with another 5 ml phosphate buffer added and the 
flies crushed and filtered again. The solution was then centrifuged at 10000g for 15 min 
at 4˚C. The supernatant was then centrifuged at 100,000g for 1h15mins at 4˚C. The 
pellet was then resuspended in 1ml of 100 mM phosphate buffer and 20% glycerol in a 
2 ml hand homogenizer. The preparation was then frozen in liquid nitrogen in 200 μl 
aliquots. 
 
3.3.2 Bradford dye binding protein assay for the detection of protein 
concentration. 
 
This assay is based on the observation that the absorbance maximum for an acidic 
solution of Coomassie Brilliant Blue G-250 shifts from 465nm to 595nm when protein 
binding occurs. Both hydrophobic and ionic interactions stabilize the anionic form of 
the dye, causing a visible colour change. The assay is useful since the extinction 
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coefficient of a dye-albumin complex solution is constant over a higher protein 
concentration range12. 
1 μl of microsomes were added to 99 μl water and 900 μl of Bradford Reagent (Sigma 
B6916) and left to stand for 10 minutes. The solution was then inverted once to mix and 
then analysed in a spectrophotometer at 595nm. 
 
The experiment was then repeated with more or less microsome solution until an 
adequate number of data points were gathered. The results shown in Table 1 were then 
compared to a standard curve constructed using know amounts of bovine serum 
albumin (BSA, Sigma A7517), to calculate the total protein present. 
 
 
0.5µl each µg/ml/sample mg/ml 
CS4 15051.395 15.051 
CS5 17356.828 17.357 
CS6 15242.291 15.242 
HR4 14111.601 14.112 
HR5 13406.755 13.407 
HR6 20983.847 20.984 
 
 
Table 1.  Table showing the amount of protein in mg/ml of each HR 
(HikonR) resistant and CS (CantonS) susceptible, microsomal protein 
samples. 
 
 
3.3.3 Microsomal P450 protein oxygen consumption activity assay 
using a Clark electrode. 
 
Next, the activity of the microsomal protein was investigated. The monitoring of 
oxygen loss in this assay, shown in Figure 38, indicated substrate turnover and 
measurable enzyme activity.  
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Leland C. Clark developed an enzyme electrode in 1962 which made this kind of 
investigation possible 13. In his electrode glucose oxidase, which reacts with oxygen, 
was trapped on the surface of a platinum electrode and this made it possible to follow 
the enzymes activity by measuring oxygen concentration changes due the reduction of 
oxygen in the presence of the enzyme. The electrochemical reaction at the surface of 
the platinum electrode produced a change in current that was measurable. Rosenthal, 
Cooper, and Estabrook went on to study the metabolism of codeine, monomethyl-4-
aminopyrine, and acetanilide, and found them to be inhibited by carbon monoxide.  This 
CO inhibition went on to demonstrate that cytochrome P450 is the oxygen-activating 
enzyme in xenobiotic metabolism 14.  
 
 
 
Figure 37.  Glass Clark Oxygen electrode (Adapted from Severinghaus 1986) 
 
 
A Clark oxygen electrode, shown in Figure 37, is composed of two half cells separated 
by a salt bridge. A platinum electrode is separated from a solid silver electrode by 
insulating material. A concentrated potassium chloride solution is held in place over the 
surfaces of the electrodes by a Teflon membrane which is attached by an O-ring that 
surrounds the electrodes. The oxygen monitor holds a constant voltage difference 
across the two electrodes so that the platinum electrode is negatively charged with 
respect to the silver electrode. 
Platinum is a strong catalyst for the covalent dissociation or re-association of water. In 
the Clark electrode, electrons combine with dissolved molecular oxygen and hydrogen 
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ions to produce water. The rate of electron movement is proportional to the 
concentration of oxygen that is available to react with them. The movement of electrons 
is an electrical current which is then converted to a voltage by the oxygen monitor 
circuitry 15, 16.  
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Figure 38.  The detection of oxygen consumption by microsomal P450 
enzymes Hikon R (resistant strain).  
The water bath was kept at a constant 26ºC and stirred. The reaction chamber 
contained 50µl of microsomal P450 together with 3µl of 1mM MRES substrate 
and 100µl of 0.079mol dm-3 NADPH. The final volume in the reaction chamber 
was made up to 3.5mls with phosphate buffer at pH7.4. 
9.628nM oxygen per min was consumed in the assay which compared 
favourably with the literature 3, 4. 
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3.4 Chapter Summary  
 
The work in this chapter produced two functional Cytochrome P450 proteins. Firstly, 
Cyp101 from the bacteria Pseudomonas Putida by a somewhat labour intensive and 
time consuming process of extraction and purification. Secondly, Cyp6g1 from the fruit 
fly Drosophila Melanogaster by an extraction method which yielded functional 
microsomal proteins. It was crucial to determine the purity of the extraction and 
purification processes at each step and most importantly, that both processes yielded 
functionally active proteins with structural integrity. The success of this protein 
production process allowed the following two experimental stages to go ahead.  
 
Next, the investigation of microsomal P450 proteins from the fruit fly Drosophila 
Melanogaster and their associated substrate biotransformation mechanisms are 
presented. This particular proteins’ activity was probed using both electrochemical and 
fluorescent methods and focused on the P450 gene intrinsic in metabolic resistance in 
the fly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
101 
3.5 References 
 
1. Garrett, R.H. & Grisham, C.M. 1998. Biochemistry. Thompsom Learning, UK. 
 
2. Alberts B. 2001 Molecular Biology of the Cell. Garland Science, UK. 
 
3. Ehle H and Horn A 1990 Bioseparation. Immunoaffinity chromatography of 
enzymes.. 1(2) pp97-110.  
 
4. Regnier FE 1993. Science. High-performance liquid chromatography of biopolymers 
222 (4) pp245-52  
 
5. Lewis, D.F.V. 2001. Cytochromes P450. Structure and Function. Taylor and Francis. 
London, UK.  
 
6. Ortiz de Montellano 1995 Cytochrome P450. Structure, Mechanism and 
Biochemistry. Kulwer Academic, USA. 
 
7. Lebart, M.C 1993,  Journal of Biol. Chem. 268 (8) pp5642. 
 
8. Tietz  2005  Textbook of Clinical Chemistry and Molecular Diagnostics.  Saunders 
(W.B.) Co Ltd, UK. 
  
9. Corthier, G J. 1994 Immunol. Meth. 66 (1) pp75. 
 
10. Dawson JH. 1988 Science. Probing structure-function relations in heme-containing 
oxygenases and peroxidases. 240(4851) pp433-9. 
 
11. Stoscheck C. M. 1990 Quantitation of Protein. Methods in Enzymology 182 pp50-
69.  
 
12. Bradford, M.M. 1976 A rapid and sensitive test for the quantitation of microgram 
quantities of protein utilizing the principle of protein dye binding. Analytical 
Biochemistry 77 pp 248-254.  
102 
 
13. Clark L.C and Gollan F 2002 Ann Thorac Surg. bubble oxygenators and perfusion 
hypothermia 74(2) pp612-4.  
 
14. Cooper, D. Y., Levin, S., Narasimhulu, S., Rosenthal, O., and Estabrook, R. W. 
1965  Science Photochemical action spectrum of the terminal oxidase of mixed function 
oxidase system. 147 pp400–402  
 
15. Clark L.C 1953 J Appl Physiol Continuous Recording of Blood Oxygen Tensions by 
Polarography  6 pp189-193.  
 
16. Severinghaus, J.W., and Astrup, B.P. 1986. J Clin Monit History of Blood Gas 
Analysis IV. Leyland Clark’s Oxygen Eelctrode  2 pp125-139.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
103 
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4.1 Introduction and Aims 
 
This chapter describes the utilization of the substrate methoxy resorufin ether (MRES) 
as an electrochemical probe for investigating the activity of the specific microsomal 
P450 protein, Cyp6g1, found in the fruit fly Drosphila melanogaster which is intrinsic 
in providing metabolic resistance.  
MRES has been used extensively as a versatile substrate for P450 proteins and its 
demethylated product, Resorufin, has fluorescent properties. Recent work has shown 
the utilization of MRES in detecting the activity of the P450 protein Cyp1B1. The 
study investigated this protein, which is found in renal cell carcinoma, and its activity 
was observed by the fluorescent detection of the substrates product 1. Also, xenobiotic 
metabolism in rat and human liver microsomes has been assessed 
spectrofluorometrically by following the demethylation of the substrate MRES in 
another recent study 2. 
In this work however, it has been shown that in addition to the established fluorescent 
properties, MRES also exhibits reversible electron transfer characteristics. Cyclic 
voltammetry and differential pulse voltammetry measurements have shown that the 
substrate can be detected easily at low concentrations in a conventional three electrode 
electrochemical cell.  
When in contact with the P450 protein Cyp6g1, the enzyme mediated demethylation of 
MRES took place and was probed using electrochemical techniques.  
Figure 39 shows the P450 mediated de-methylation of the substrate which results in the 
end product resorufin. By observing this mechanism, it was possible to investigate the 
activity of the microsomal P450 protein in the fruit fly by using both fluorescent and 
electrochemical techniques.  This work went on to show that these electrochemical 
measurements could discriminate between the activities of proteins from flies of two 
different strains.  
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Figure 39. The Cyp6g1 enzyme mediated demethylation of the substrate 
methoxy resorufin ether resulting in the product resorufin.  
  
 
MRES is water soluble and electrochemically active with a reduction potential of 
approximately -0.19 V vs Ag/AgCl shown in Figures 40 and 41. The substrate product, 
resorufin, is electrochemically reduced at more negative potentials and also exhibits 
fluorescent properties.  
These important features facilitated parallel methods of probing the activity of the P450 
enzyme, the fluorescent response of the demethylated product and the electrochemical 
properties of the MRES substrate.  
The fruit fly used in this work provided a useful and significant model for the 
investigation into the mechanisms underpinning P450 mediated drug and pesticide 
biotransformation within a whole organism. All of the P450 genes in Drosophila have 
been identified 3 and the mutation within one of these genes, Cyp6g1, has been shown 
to be responsible for the over expression of its corresponding enzyme.  
Direct electrochemical measurements of P450s have been performed using varied 
methods and this has facilitated the observation of the reduction of haem centres within 
the protein 4, 5. A number of P450 proteins have been found to exhibit MRES O-
dealkylase activity, including the Cyp1A2 and Cyp3A6 enzymes found in the human 
liver 6. 
This work has demonstrated that it was possible to discriminate between two different 
protein microsomes extracted from insecticide resistant and insecticide susceptible 
Drosophila by following the rate of O-demethylation of the MRES substrate 
electrochemically.  
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A fluorometric assay was also carried out which showed the rate of production of the 
substrate product, resorufin. These results confirmed the dependence on fly strain on 
substrate turnover rate.  
The involvement of P450 in substrate turnover was confirmed by arresting the proteins’ 
haem activity. Previous work has shown that Carbon Monoxide (CO) in the presence of 
substrate ligates the haem iron centre of the protein and thus prevents access for the 
oxygen molecule and so prevents substrate turnover 7.  
The introduction of CO and the omission of the electron donor NADPH in the 
experimental set up, confirmed that substrate metabolism was indeed P450 mediated.  
The study went on to show that both the electrochemical and the fluorometric results 
showed corresponding effects of substrate turnover arrest by two different methods.  
 
4.2 Metabolic resistance in the fruit fly D. melanogaster 
 
There are several classes of enzymes that have, in the past, been implicated in 
insecticide resistance. These are Glutathione S-transferases (GSTs), esterases and 
Cytochrome P450s 8. In some cases, one type of enzyme is used in an insect almost 
exclusively for all its metabolic resistance mechanisms, such as D. melanogaster using 
P450s 9. However, other classes of insect will make use of a wide range of mechanisms 
to confer resistance to a variety of insecticides such as M. domestica10.  
Dichloro-Diphenyl-Trichloroethane (DDT) was the first modern pesticide and is 
arguably the best known organic pesticide. It is a highly hydrophobic, colorless solid 
with a weak chemical odor and is almost insoluble in water but has a good solubility in 
most organic solvents, fats and oils 11. 
D. melanogaster has been shown to have DDT resistance caused by over-expression of 
a specific P450 protein and organophosphate resistance can be conferred by amino acid 
substitutions in an esterase gene 12. 
Metabolic resistance works by an enzyme being altered; either its amino acid sequence 
is mutated making it better able to metabolise an insecticide or an enzyme can be over-
transcribed and so it takes a higher dose of insecticide to kill the resistant insect. 
With enzymes such as P450, it has been shown that a single amino acid substitution is 
sufficient to cause a large change in substrate specificity. An example of this is in the 
human P450 CYP2C2, which is a lauric acid hydrogenase, but a single amino acid 
substitution of S473V changes the substrate specificity to accept the hormone 
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progesterone 12. In this way we can see that a small change in sequence can have large 
consequences for substrate specificity and therefore either cause a genetic disease in 
mammals or as in the this case, cause insecticide resistance. 
The genome of D. melanogaster contains 87 genes predicted to encode functional P450 
enzymes. This would appear to be about the average for complex animals, with 
humans, mice and C. elegans all having around 50 to 90 P450s 13. However, research in 
this area continues and new P450 proteins are being discovered continually.   
Many of these enzymes will be involved in endogenous processes and will therefore be 
necessary for the development of the insect. It is almost certain that a large number will 
have evolved to metabolise plant xenobiotics and so increase the range of environments 
in which the fruit fly can survive 14.  
In the brief history of insecticide resistance there have been many published cases and 
the majority of the examples of metabolic resistance are due to changes in the P450 
profile. In some cases P450 proteins are induced in the presence of plant xenobiotics 
such as nicotine, and this has lead to the insect being able to feed on a previously toxic 
plant 15. It is not difficult to see how insecticide resistance could evolve in an analogous 
way. Instead of evolution over millions of years to tolerate a plant xenobiotic, it has 
been shown that new cases of insecticide resistance have evolved in just 50 years or 
less 16.  
In many cases the up-regulation of a P450 would be deleterious to an organism. The 
organism would show a decreased fitness under normal conditions but in the presence 
of an insecticide, the insect with the mutant form of P450 would thrive and so pass on 
its genes 17. There are many laboratory cases where resistance has been induced by a 
gradual increase of toxin concentration over many generations and this has led to the 
organism showing a slightly higher expression of one particular enzyme 18. However, in 
many of these cases the up-regulation is not permanent and when the toxin is removed 
from the diet the enzyme profile returns to that of a susceptible insect. Subsequently the 
same numbers of generations are again needed to reselect for the up-regulation of the 
gene, and therefore resistance 19.  
Work carried out in the 1960s employed the simple method of collecting strains from 
areas thathad been heavily sprayed with DDT which lead to fly strains being collected 
from around Hikone City in Japan. 
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4.3 DDT resistance and the Cyp6g1 gene 
 
Insecticide resistance is one of the most widespread genetic changes caused by human 
activity, but little is understand about the origins and spread of resistant alleles in global 
populations of insects. Transgenic analysis of Cyp6g1 shows that over transcription of 
this gene alone is both necessary and sufficient for insecticide resistance 20. 
Insecticide resistance in laboratory selected Drosophila strains has been associated with 
up regulation of a range of different cytochrome P450s. D. melanogaster resistance to 
DDT and other compounds, is conferred by one P450 gene, Cyp6g1, so DDT resistance 
in Drosophila is associated with the over-expression of this particular protein coded for 
by the Cyp6g1 gene 21. 
The fly strains used in these experiments were ‘Hikone-R’, a resistant strain established 
from field collections in the early 1960s 22,23. This work showed that only Cyp6g1 was 
over transcribed relative to Canton-S, a susceptible reference strain. 
The genes for the cytochrome P450s are a large family involved in a wide variety of 
metabolic functions. In insects, these enzymes play roles in key processes ranging from 
host plant utilization to xenobiotic resistance 24. Within the complete genome sequence 
of D. melanogaster, some 90 individual P450 genes have been identified 25. 
 
4.4 Experimental 
 
4.4.1 Protein Microsome preparation 
 
Drosophila Melanogaster flies were collected at less than seven days old and snap 
frozen in liquid nitrogen. They were then stored at -80°C for use in future assays. 
 
All buffers were kept at 4ºC 
 
100 mM phosphate buffer pH 7.2 (K2HPO4/KH2PO4) 
1 mM EDTA (ethylenediaminetetraacetic acid) 
0.1 mM DTT (dithiothreitol) 
0.4 mM PMSF (phenylmethylsulphonylfluoride) 
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All work was carried out on ice. The heads were removed from the flies by placing 
them in liquid nitrogen then transferring to a brass sieve (850 μm aperture, Fisher cat 
no. SIH-400-150B) and running fingers over the flies. The flies were crushed in 5 ml 
phosphate buffer in a 5ml hand homogenizer, then filtered through muslin and 
transferred back to the homogenizer with another 5 ml phosphate buffer added and the 
flies crushed and filtered again. The solution was then centrifuged at 10000g for 15 min 
at 4˚C. The supernatant was then centrifuged at 10,0000g for 1h15mins at 4˚C. The 
pellet was then resuspended in 1ml of 100 mM phosphate buffer and 20% glycerol in a 
2 ml hand homogenizer. The preparation was then frozen in liquid nitrogen in 200 μl 
aliquots. 
 
 
4.4.2 Determination of protein preparation concentration. 
 
1 μl of microsomes was added to 99 μl water and 900 μl of Bradford Reagent (Sigma 
B6916) and left to stand for 10 minutes. The solution was then inverted once to mix and 
then analysed in a spectrophotometer at 595 nm. The theoretical considerations of this 
method are explained in chapter 3.  The experiment was then repeated with more or less 
microsome solution until an adequate number of data points were gathered. The results 
from Table 2 were then compared to a standard curve constructed using know amounts 
of bovine serum albumin (BSA, Sigma A7517), to calculate the total protein present. 
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0.5µl each 
S = susceptible 
R = resistant mg/ml microsomal protein 
Canton S sample 4 15.051 
Canton S sample 5 17.357 
Canton S sample 6 15.242 
Hikon   R sample 4 14.112 
Hikon   R sample 5 13.407 
Hikon   R sample 6 20.984 
 
 
Table 2. The results of the Bradford Dye binding assay to determine the 
protein concentration in mg/ml for each fly strain sample.  
 
 
4.4.3 Electrochemical Cell Set-Up. 
 
An Autolab12 potentiostat was used in conjunction with General Purpose 
Electrochemical Software (GPES) version 4.9. The differential pulse mode was 
selected and the voltage swept from zero to –0.04volts. The step potential was 0.00105 
volts and the modulation amplitude 0.04495 volts. A current range of 100uA to 100nA 
was selected. 
Differential pulse Voltammetry (DPV) parameters were; start potential 00V, end 
potential -0.4 V vs Ag/AgCl. Step potential was 1mv and the modulation potential was 
50mV. The modulation time was 40ms and the interval time, 100ms. The scan rate was 
10mV-1.  
A protein microsome concentration of 2mg ml-1 in phosphate buffered saline (pH7.4) 
was used with an initial MRES concentration of 1µmol dm-3 in the electrochemical cell 
which made a total cell volume of 400µl.  
For the experiments which employed the cofactor NADPH, a final concentration of 2.5 
mmol dm-3 was achieved. For the experiments which used CO, the gas was bubbled 
through the solution for ca. 10ml -1 for 20 minutes.  
A BAS MF-2031 low volume cell was used and placed in a glass vessel containing 
phosphate buffer adjusted to pH 7.4. Argon gas was bubbled through the buffer for ca. 
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30 minutes prior to any measurements to exclude oxygen. An edge plane graphite 
working electrode and a Ag/AgCl reference electrode, together with a gold counter 
electrode were used in the set-up.  
A baseline measurement was firstly recorded using the electrochemical cell set-up in 
phosphate buffer only. The microsomal protein and MRES (Sigma M1544) were then 
added and another measurement taken.  
The volume of each protein sample solution added to the electrochemical cell was 
calculated to give a final concentration of 2mg per ml.  The same volume of substrate 
was dissolved in phosphate buffer and then added at a final concentration of 1µM. 2µl 
of a 4 mol dm-3 solution of NADPH in phosphate buffer was then added and differential 
pulse measurements were taken immediately every ten minutes over 200 minutes for 
each separate protein sample.  
A corresponding experiment was run in tandem for each protein preparation following 
the above protocol with the electron donor NADPH omitted.   
The properties of MRES as an electrochemical probe were investigated using cyclic 
voltammetry (CV).   An MRES solution of 5mmol dm-3 was made by adding a small 
amount of ethanol and then dispersing in 50mM phosphate buffered saline (pH 7.4) to 
produce a 0.1 mmol dm-3   final MRES solution. This solution was then degassed under 
Argon. A freshly polished glassy carbon or edge plane graphite electrode of 3mm 
diameter was used as the working electrode.  
The cyclic voltammetry measurements were made by cycling between +0.1 V and -0.4 
V vs Ag/AgCl at scan rates between 10mV s-1 and 600mV s-1.  
The experiments were repeated with carbon monoxide (Aldrich 295116) bubbled 
through the protein solution for ten minutes immediately prior to adding MRES and 
NADPH.   
All electrochemical measurements were performed a minimum of three times and all 
trends were found to be reproducible.   
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4.5 Results and Discussion 
 
4.5.1 Electrochemical Properties of the substrate Methoxy Resorufin 
Ether (MRES).  
 
Cyclic voltammetry and differential pulse voltammetry measurements of MRES only, 
showed that the substrate was clearly electrochemically active and the peak separation 
suggested a two electron transfer process. The electrochemical properties of this 
substrate went on to provide an indicator of protein activity and demonstrated a clear 
difference in the activity of protein from both susceptible and resistant fly stains. 
 
 
 
 
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
-2x10-5
-1x10-5
-1x10-5
-5x10-6
0
5x10-6
1x10-5
1x10-5
i/A
E/V
 EPG blank
 MRES
 
Figure 40. Cyclic voltammograms (scan rate 0.1Vs-1) from edge plane 
graphite (EPG)  
The working electrode was immersed in 50mM phosphate buffered saline (pH 
7.4) with 0.1mmol dm-3 MRES showing peak reduction and oxidation. The 
reference electrode was Ag/AgCl and the buffer was bubbled with Argon prior 
to measuring.  
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Next, increasing concentrations of MRES only were measured using differential pulse 
voltammetry (DPV).  
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Figure 41. Plot showing peak current/scan rate½  of Voltammogram (DPV) 
from glassy carbon working electrode. 
The electrode was immersed in 50mM phosphate buffered saline (pH 7.4) with 
increasing concentrations of MRES.  The reference electrode was Ag/AgCl and 
the buffer was bubbled with Argon prior to measuring.  
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Figure 42. Cyclic voltammograms of 0.1mmol dm-3 MRES showing peak 
reduction at increasing scan rates.   
Sweep rates were at 10, 20, 50, 100, 200, 400 and 600 mV s -1. The peak 
reduction current of the substrate MRES was measured at – 265 V vs  Ag/AgCl. 
In these experiments, results shown on Figure 42, the peak current was 
proportional to the concentration of MRES. The substrate had a more cathodic 
reduction potential at -0.32 V vs Ag/AgCl. This allowed electrochemical 
detection of substrate concentration in real time 25.   
The separation between the oxidation and reduction peaks for scan rates at 100 to 
600mV s -1 gave an average value of 37mV shown in the figure below. Although 
somewhat higher than the theoretically predicted 29.5mV, it was still much lower than 
the theoretical value for 1 electron transfer of 59mV 29    
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Figure 43.   Cotrell plot (1/i2 vs t) for 0.1 mmoldm-3 MRES for the 
determination of the diffusion coefficient.  
 
A plot,shown in Figure 43, of the square root of scan rate vs. peak anodic current was 
linear, suggesting diffusion controlled mass transport of MRES to the electrode. 
Chronoamperometry measurements were performed in order to estimate a value of the 
diffusion constant of MRES. The current time response was re-plotted as 1 / i2 vs. time, 
but with all data in the first two seconds after the pulse being disregarded as this current 
contains a significant contribution from the capacitive charging of the electrode. A 
linear fit of the data, shown below, revealed a diffusion coefficient for MRES to be 1.3 
x 10-9 m2s-1.  
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Figure 44. Plot showing peak current vs scan rate½ for 0.1mmol dm-3 
Methoxy Resorufin Ether.  
The plot in Figure 44 shows the linear relationship between square root of sweep 
rate and the peak anodic current indicating that the overall process was diffusion 
controlled.  
 
 
 
4.5.2 Electrochemical study of methoxy-resorufin ether O-
demethylation by the microsomal protein CYP6G1.  
 
Firstly, the microsomal protein activity from the resistant fly strain Hikon R was 
investigated. The resistant strain of fly had increased levels of P450 protein due to the 
over transcription of the Cyp6g1 gene and so maintained its ability to readily turnover 
substrate.   Two experiments were carried out in tandem.  Both electrochemical cells 
contained aqueous protein in de gassed buffer and MRES substrate. The enzyme co 
factor NADPH was added to one cell but omitted from the other and the measurement 
start times synchronized.  
For these experiments it was necessary to have a low concentration of MRES in order 
that substrate depletion might be observed. The concentration was calculated and 
adjusted from the results of the Hikone-R fluorescence study, shown later in this 
chapter, made in the presence of NADPH. The problem with working with low 
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concentrations of MRES is that the charging current of the electrode obscures the 
Faradaic electrochemical response of the substrate itself. For this reason it was 
necessary to use differential pulse voltammetry (DPV), which effectively subtracted the 
charging current contribution from the total measured current, thus allowing 
voltammetric resolution of low concentration electroactive species. Further 
electrochemical measurements were performed to study substrate metabolism in the 
presence and absence of both the electron donating co-factor NADPH and P450 
inhibitor carbon monoxide, thus confirming that MRES biotransformation was both 
NADPH dependent and CO inhibited.  
The following figures showed the change in cathodic current of MRES as it was 
boitransformed by the protein. A clear difference in rate of substrate metabolism was 
observed.  
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Figure 45. Differential Pulse Voltammogram showing the 
biotransformation of the substrate MRES by Cyp6g1 microsomal protein 
from the resistant fly strain Hikon R over time.  
In Figure 45 measurements were recorded every ten minutes from zero to eighty 
minutes. The cell contained an aqueous solution of 2mg/ml of protein & 1µM 
substrate all in phosphate buffered saline (pH 7.4) degassed with argon. 2µl of 
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4mol dm -3 NADPH was added prior to measuring. The reference electrode was 
Ag/AgCl.  
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Figure 46.  Differential Pulse Voltammogram showing the 
biotransformation of the substrate MRES by Cyp6g1 microsomal protein 
from the resistant fly strain Hikon R over time.  
In Figure 46 measurements were recorded every ten minutes from zero to eighty 
minutes. The cell contained an aqueous solution of 2mg/ml of protein & 1µM 
substrate all in phosphate buffered saline (pH 7.4) degassed with argon. The 
reference electrode was Ag/AgCl.  
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Figure 47. Electrochemical determination of MRES substrate concentration 
measured as a function of time for protein microsomes from Hikone-R fly 
strain in the presence and absence of NADPH co-factor.  
 
 
The difference in the substrate turnover rates by proteins from the two different fly 
strains, shown in Figure 48 were, then investigated. These experiments were carried out 
in the absence and presence of the co enzyme NADPH and with and without carbon 
monoxide which prevented substrate binding.  
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Figure 48. Electrochemical determination of MRES substrate concentration 
measured as a function of time for protein microsomes from Hikone-R 
(resistant) and Canton-S (susceptible) fly strains. 
Note the increased rate of substrate biotransformation for the resistant strain. 
NADPH co-factor was present in both experiments. 
 
 
Figure 49 shows the results of the same experiment was then carried out but this time 
carbon monoxide was bubbled through the aqueous protein sample from the resistant 
strain Hikon. The co factor NADPH was present and the substrate was then added 
immediately prior to measuring.  CO in the presence of substrate ligates the haem iron 
of the protein and prevents access for the oxygen molecule and so inhibits substrate 
turnover 28.  This provided a clear indication that the protein was indeed active and 
biotransforming its substrate within the experimental set up.  
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Figure 49. Electrochemical determination of NADPH dependence and CO 
inhibition of MRES biotransformation by Hikone-R (resistant) fly strain 
protein microsomes.  
 
The reason for the increase in cathodic current observed at around 20 minutes was not 
clear, but may correspond to the enzymatic metabolism of methoxy-resorufin ether 
being more efficient at the start of the reaction. In this case an enhanced cathodic 
current would be expected, via an EC type reaction mechanism. The overall decrease in 
peak current with time for the two control systems may have been due to electrode 
fouling by the protein microsomes.  
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4.6 Fluorescent determination of O demethylation Methoxy 
Resorufin Ether by the microsomal P450 protein Cyp6g1 
 
 
To further validate the electrochemical measurements, a fluorometric assay was 
performed to determine the concentration of resorufin which is the product of Cyp6g1 
biotransformation of methoxy-resorufin ether. Although fluorescence is inherently more 
sensitive than electrochemistry, this technique measured the metabolite concentration 
rather than the starting material Methoxy Resorufin concentration.  
A 200µl reaction solution was prepared in a Sterilin flat bottomed 96 well plate 
containing 250µg of Drosophila protein microsomes in 100mmol dm-3 sodium 
phosphate buffer (pH 7.8) together with 2.5 mmol dm-3  NADPH. The reaction was 
induced by the addition of the substrate at 0.25 mmol dm-3. The plate reader 
(Labsystems Fluorocan Ascent, Thermo, UK) was set to 530nm excitation wavelength 
and 590nm emission wavelength and the reaction was read for 10 minutes. The results 
were then compared to a substrate standard curve which allowed the concentration of 
the metabolic product to be determined. Measurements were made using both the 
susceptible Canton S and the resistant Hikon R strains in the presence and absence of 
the co enzyme NADPH and with the addition of the P450 inhibitor carbon monoxide.  
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Figure 50. Fluorescence determination of the metabolic product resorufin 
by protein microsomes from Canton-S (susceptible) and Hikone-R 
(resistant) fly strains. 
This shows moles of metabolic product being produced per minute / mg of 
protein.  Metabolism of the MRES substrate was both NADPH dependent and 
CO inhibited.  
These results in Figure 50 show the change in fluorescence for microsomes from 
insecticide resistant and susceptible fly strains. In order to determine the NADPH co 
factor dependence of the fluorometric response, two further measurements were carried 
out. Measurements were made in the absence and presence of NADPH and with the 
addition of the inhibitor CO. The resistant microsomes, which contain more Cyp6g1 
showed greater rates of substrate metabolism than those from susceptible flies under 
these conditions. These results confirmed earlier gene analysis of insecticide resistant 
Drosophila, that a single gene, Cyp6g1, is over transcribed.   
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4.7 Chapter Summary 
 
 
This work presented the first electrochemical study of the microsomal Cytochrome 
P450 protein Cyp6g1 from the fruit fly Drosophila Melanogaster. The extraction of 
microsomes containing this protein from two different fly strains has been described. 
The electrochemical measurements of the biotransformation of substrate methoxy-
resorufin ether allowed the effects of the over transcription of a single gene Cyp6g1 to 
be investigated. This proved to be an effective way of directly following substrate 
metabolism and compared well with what is already known about the genetic 
differences in the two strains of Drosophila from which the protein microsomes were 
extracted. The results reinforced the findings from the fluorescence study of the 
substrate metabolic product. Similar electrochemical approaches in tandem with 
fluorescent measurements will therefore be useful in further investigations of other 
xenobiotic metabolising P450s. This technique would be particularly significant where 
electrochemically active drug related substrates are available or can be designed, for 
example, P450 mediated metabolism of the well known, but liver toxic pain killer, 
paracetamol (N-acetyl-p-aminophenol) which is electrochemically active. 
The next chapter investigates microsomal P450 proteins from the fruit fly on an 
electrode surface.  
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5.1 Introduction and Aims 
 
 
The fundamental structural element of all biomembranes is a phospholipid bilayer 
shown in Figure 51. The most crucial function of this layer is that it separates the inner 
and outer parts of the cell by a permeable membrane and facilitates the uptake of 
nutrients, receptor binding, enzymatic activity and the control of cell-cell interactions. 
The lipid bilayer is unique in that it not only provides a physical barrier for separating 
the cells cytoplasm from its extracellular surroundings but also separates organelles 
inside the cell. 
 
 
  
 
 
Figure 51. An interpretation of the structure of a lipid bilayer showing the 
integration of membrane bound proteins (Adapted from Banks 2005) 
 
 
Biomembranes are made up of different combinations and quantities of phospholipids 
and glycoproteins. There are numerous different kinds of lipid molecules but they all 
share the feature that they are ‘amphipathic’, or one region of the molecule is polar and 
hydrophilic whilst the other is non-polar and hydrophobic. When dispersed in water 
these molecules tend to self-assemble to form aggregates or vesicles. 
The electrical properties of these layers have provided useful information regarding the 
thickness and dielectric activity of model membranes as well as the organisation and 
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orientation of the ions and molecules in the bilayers. Simplified models of these cell 
membranes have been the subject of intense study.   
The model bilayer lipid membrane or BLM was introduced approximately forty years 
ago by Donald Rudin and his collegues. The BLM was about 5nm thick and interposed 
between two aqueous solutions. This model is now the most widely used in 
biomembrane investigations 1. 
Experimental investigations have looked at the most robust and appropriate support for 
biomembranes. Puu and colleagues compared the differences between a platinum and 
glass solid support to that of platinum and silicon. The group’s work also focused on 
layer formation and discovered that lipid layers fused more readily onto surfaces when 
proteins were incorporated 2. Ann Plant showed that the use of a metal support, such as 
gold, permits the application of electrochemical techniques for examining the insulating 
characteristics of the lipid layers and for assessing the activity of membrane bound 
proteins within the layers 3. 
Various electrochemical and optical techniques have been employed in studies to 
investigate the architecture and activity of artificial bilayer lipid membranes. Bockrin 
and Diniz studied the electron transfer phenomena by potentiometric measurements 4. 
Extensive studies have been carried out using amperometric methods5 and impedance 
spectroscopy has also been employed due to its provision of refined information on the 
mechanism of interfacial electron transfer 6.  Plant also considered the effects of 
forming bilayers using alkanethiol tethering chemistry. These layers were found to 
permit a degree membrane protein activity3. 
Meuse and collegues investigated the driving force for the formation of the bilayers. 
The results of the work highlighted the role and effects of surface free energy in bilayer 
formation 7. 
It would seem that the important question here is how well do model membranes mimic 
biological membranes and facilitate the true enzyme activity of the proteins inserted in 
them?  
The electrochemistry of cytochrome c has been studied at numerous types of electrode 
surfaces with the aim of understanding the interfacial interactions that accompany 
direct electron transfer between redox proteins and electrodes. It wasn’t until 1977 that 
Eddowes and Hill discovered that a modified gold electrode allowed the observation of 
well defined and reversible electrochemistry11.  
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Salamon and Tollin went on to investigate direct electron transfer between bacterial 
ferredoxins with a gold electrode modified with a self assembled lipid bilayer. These 
results suggested a theory that deposition of lipid bilayers on a gold electrode produces, 
under certain experimental conditions, non-uniform electro-active micro sites on the 
electrode surface where both positively and negatively charged redox proteins are able 
to exchange electrons with the electrode 12. These studies are examples of the potential 
usefulness of electrochemical techniques to investigate the mechanism of action in 
membrane bound proteins. 
Further work went on to establish whether mediated diffusion or direct electron 
tunnelling was the mechanism of transport across the phospholipid layers 13.  
Lymar and Hurst had previously considered the significance of discriminating between 
electron tunnelling and mediator transport. Their work on ubiquinone concluded that 
due to the considerable distance across the lipid membrane, the potential dependence of 
the observed current could not simply be accounted for by electron transfer 14. Laval 
and Majda once again looked at bilayer assemblies to investigate electron transfer and 
the possible lateral mobility of ubiquinone. The ubiquinone molecule appeared to be 
immobile when deposited directly onto an octadecanethiol monolayer but exhibited 
lateral mobility when incorporated with the monolayer and a 1-Palmitoyl-2-sn-Glycero-
3-Phosphocholine (DPPC) bilayer assembly. It seemed that pinhole defects in the layers 
affected the behaviour of the ubiquinone when measured electrochemically 16. This 
work highlighted the significant effect of holes and defects in the layers on the 
interpretation of electrochemical results.    
Another area of research interest was the understanding of the forces that direct and 
drive the self assembly of phospholipid molecules. Earlier work had found that 
supported lipid bilayers could be formed from vesicles fusing with various metal, glass 
and silica surfaces 17.  
In general, the researches found that the osmotic pressure and lateral tension of the 
phospholipid vesicles together with the concentration of vesicles and the adhesion free 
energy of the surface all influenced the formation of the phospholipid bilayer on a 
hydrophilic surface. It was also found that lipid vesicles interact with hydrophobic 
surfaces, however the exact processes were poorly understood 18,19.  
Silin and colleagues found that the kinetics of bilayer formation strongly depended on 
the concentration of the lipid vesicles. The work concluded that the success of bilayer 
formation at a hydrophobic surface was dependent on the extent of the polar component 
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of the surface free energy of that surface 20.  Hill and co workers had used bare EPG 
electrodes to characterize the electrochemistry of recombinant CYP101 P450 21. In this 
work, cyclic voltammetric measurements were carried out in the presence and in the 
absence of the substrate camphor. Anaerobic conditions were used to prevent formation 
of the binding of oxygen to Fe2+ and the possibility of second electron transfer. The 
results indicated reversible oxidation and reduction. The interaction of the CYP101 
with the bare EPG had been proposed by the authors to be possible via the positively 
charged amino acid residues on the surface of CYP101.  
In the light of recent studies indicating the possibility of protein denaturation 22, the 
following chapter investigates possible enzyme activity of the microsomal P450 from 
Drosophila Melanogaster. 
In this system the enzyme is already embedded in a microsomal unit, thus more likely 
to mimic a biologically active system as the orientation of the active protein site is less 
likely to be in direct contact with the electrode surface which may lead to protein 
denaturation.  Edege plane graphite electrodes have been shown to be highly 
advantageous in electroanalysis due to the highly reactive edge plane sites which allow 
high sensitivity and low detection limits 23. Graphitic edge planes are attractive surfaces 
for chemical coupling and modification procedures. Edge planes are also polar and thus 
hydrophilic implying that aqueous coupling reactions can be used with a good degree of 
success 24. Immobilisation is an important aspect in the production of nano devices, as 
sensitivity may strongly depend on both concentration at the surface and specific 
orientation. Control over these two requirements can be difficult to address, however, 
the introduction of a microsomal unit onto the electrode surface can provide a stable 
environment for the protein to interact with the electrode and thus less likely to 
denature.  
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5.2 Experimental 
 
5.2.1 Assembly of microsomal P450 Cyp6g1 films on an Edge Plane 
Graphite (EPG) electrode 
 
Instrumentation 
 
Electrochemical experiments were carried out on a PGSTAT 30 Autolab system (Eco 
Chemie, Netherlands) in a standard three electrode cell set up as described in detail in 
chapter 3. The reference electrode was silver / silver chloride saturated with potassium 
chloride electrolyte. The counter electrode was gold wire.  
 
 
Reagents 
 
Protein solutions were prepared in aqueous 50mM phosphate buffer at pH 7.4. All 
solutions were prepared using deionised water. All chemical reagents were obtained 
commercially from Aldrich and were used without any further purification. All 
experiments were carried out at room temperature. 
 
 
 
Procedures and protein absorption 
 
 
An EPG (Le Carbone Ltd, Sussex, UK) electrode was thoroughly cleaned by polishing 
with 0.3um aluminium powder, sonnicated and rinsed. This process was repeated three 
times or until the electrode surface appeared smooth and clean on inspection. The 
electrode was then placed into a small volume cell containing 50mM PBS at pH 7.4 
which had been degassed with argon for thirty minutes. A cyclic voltammetry 
measurement was performed in order to obtain a baseline or blank. 
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Scan conditions were: 
  
+0.1v start potential 
-0.6v finish potential 
5 cycles @ 100mv per second 
First conditioning potential = 0.1v 
 
The electrode was then removed and rinsed in water and dried under a stream of argon 
gas. The Hikon R (resistant) protein samples were used in all experiments due to them 
having a higher concentration of P450. 20µl of microsomal protein solution was then 
dropped onto the electrode surface and allowed to dry for two hours at 4ºC. For the 
films which had substrate added, 0.4µl of 0.05mM Methoxy Resorufin Ether (MRES) 
was added to the film at this stage. 
20µl of salmon sperm DNA obtained from Sigma, at 1mg per ml in PBS was also 
added to the film to serve as ‘glue’. The film was then allowed to dry for thirty minutes 
in air at 4ºC. The electrode with the film attached was then placed back into the cell 
containing 50mM PBS at pH 7.4 and further measurements taken.  
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5.3 Results and discussion  
 
 
Firstly, microsomal protein only was introduced onto edge plane graphite (EPG) 
electrode surface shown in Figure 52. 
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Figure 52. Cyclic voltammogram for EPG working electrode only followed 
by the addition of 20.9mg/ml microsomal Cyptochrome P450 Cyp6g1 in 
50mM PBS, pH 7.4.  Potential scan rate 50mV s -1. Area of working 
electrode 0.25cm2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
138 
Next, the substrate MRES was added to the film following the application of the protein 
layer, shown in Figure 53. 
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Figure 53. Cyclic voltammogram for 20.9mg/ml microsomal Cyptochrome 
P450 Cyp6g1 in 50mM PBS, pH 7.4 with the addition of 0.4ul of 0.05mM 
MRES on an EPG working electrode, pH 7.4. Potential scan rate 50mV s -1. 
Area of working electrode 0.25cm2 
 
There was no back peak observed in this particular experiment thus suugesting limited 
reduction of dioxygen catalysed by the haem. The susbstrate free reaction would 
require greater rorganisation energy than the bound protein. A mass transport limited 
reaction is observed here.  
Note the positive peak shift upon the addition of substrate in Figure 53. This may be 
due to a shift in spin state of the ferri haem iron from low spin in the absence of 
substrate to high spin in the substrate bound protein. In addition, a redox potential 
change has been observed upon substrate binding due to reprganisation energy change.   
Kazlauskaite et al 21 reported a positive potential shift upon binding of camphor 
substrate in similar experiments but carried out with recombinant Cytochrome 
P450cam.  
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Figure 54. The dependence of cathodic peak current on the potential scan 
rate for substrate bound and substrate free P450 microsomal protein.  
Conditions were as for figure 53.  
 
Interestingly, previous work had shown deviation from linearity for the substrate free 
protein and was considered to be due to adsorption to the electrode surface 21. Despite 
repeated experiments, so such deviation was observed in these experiments. This may 
have been due to the protein being more stable in the microsomal environment.  
Another important point to consider here is the overall surface charge of the 
microsomal unit. P450 proteins are generally negatively charged overall at pH 7.4 and 
it was likely that a specific pattern of positively charged amino acid residues favours an 
interaction between the enzyme and the electrode surface in such a way that electron 
transfer could take place. However, this can not be confirmed unless further 
investigation takes place.  
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5.4 Chapter Summary 
 
This chapter communicates the first stages of experimental work with microsomal 
protein electrochemistry. The first results have been encouraging but further work 
needs to be carried out to confirm these findings. 
 Microsomal P450 Cyp6g1 protein from the fruit fly Drosophila Melanogaster was 
introduced to an EPG electrode surface. Experiments were carried out in the presence 
and absence of substrate.  Results showed a positive potential shift upon introduction of 
substrate which was likely to be a binding event. However, this is difficult to confirm 
unless further work is carried out.   
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6.1 Introduction  
 
The incorporation of biological redox systems into mesoporous films has generated 
interest due to the possibility of direct electron exchange between the redox active sites 
in proteins and the porous host electrode. Direct electrochemistry of redox proteins or 
enzymes can provide biomimetic environments for fundamental studies together with a 
basis for designing devices without the need for electron transfer mediators 1. There has 
been a variety of approaches for the immobilisation of biological redox systems. These 
include adsorption 2, the binding of molecules into lipid structures 3, covalent binding 
and electrostatic binding 4, 5.  Haemoglobin (Hb) and methaemoglobin immobilised at 
electrode surfaces have been previously employed as model redox systems. Earlier 
work focused on the reduction of Hb on dropping mercury electrodes 6   but because of 
slow rates of electron transfer between Hb and the electrode surface, attempts have 
been made to facilitate the electron transfer by using mediators and special electrode 
materials. Previously, surfactant films have provided a biomembrane mimic for the 
study of redox proteins 7.  Although Hb does not function physiologically as an electron 
carrier, it is a useful model for the study of electron reactions for other haem proteins 
like P450, mainly due to the fact that it is readily available and inexpensive and its 
structure is well known. It is also important to note that Hb has reductive and oxidative 
characteristics very similar to the enzyme activity of Cytochrome P450 8.  
 It is also interesting to note that the haem protein cytochrome c has been coupled 
successfully to electrode surfaces by Hill et al 9. Over the past two decades, this redox 
protein of 12 kD mass and approximately 3.7 nM size has also been considered as a 
model system for biological electron transfer and for bioelectrocatalysis.   The most 
prominent feature of the almost spherical cytochrome c structure is a strongly positively 
charged lysine rich region on the outer shell of the protein, which is responsible for 
docking to electron donor and acceptor sites with complementary negative surface 
charge10. A wide range of films with negative surface functionalities, e.g. carboxylate 
functionalised surfaces, polysulfonates, polyphosphate (DNA) modified surfaces and 
dialysis membranes have been proposed for reversibly docking cytochrome c and 
related haem proteins for applications in bioelectrochemistry and in biosensing 11,12,13. 
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6.2 Haem Proteins in TiO2 nanoparticulate films.  
 
It has been shown that Hb and cytochrome c have both been successfully adsorbed 
from aqueous solutions into thin films of TiO2 nanoparticles 14, 15. After immersion of 
the TiO2 film coated onto tin-doped indium oxide (ITO) electrode surfaces, high 
concentrations of these redox proteins in a stable and active state were immobilised. 
Increasing the film thickness in a layer-by-layer manner increased the amount of 
adsorbed redox active protein and therefore improved the electrochemical responses. 
This three-dimensional binding of a redox protein to the electrode surface was 
rationalised by a transport process similar to diffusion with either protein diffusion, 
electron hopping from site to site within the mesoporous film, or both occurring 
simultaneously. This mechanism is looked at in more detail in this chapter. 
Interfacial protein electron transfer has received wide and significant research interest. 
In particular, there is a strong interest in developing novel bioelectronic interfaces that 
are suitable for the probing of protein electrochemistry. This kind of study may deepen 
the understanding of biological protein electron transfer and promote the development 
of bioelectronic sensors for a variety of applications.  
In this work, TiO2 films on indium tin oxide (ITO) electrode surfaces were combined 
with bacterial Cytochrome P450 and it was shown that in addition to providing a rigid 
host structure, metal oxides can also contribute to the efficient transport of electrons.  
 
 
6.3 Nanoparticulate Titanium dioxide (TiO2) as a host 
electrode material  
 
Anatase is one of the three mineral forms of titanium dioxide. It is always found as 
small, isolated and sharply developed crystals and a more commonly occurring 
modification of titanium dioxide. 
Titanium dioxide, particularly in the anatase form, is a photocatalyst under ultraviolet 
light. Its strong oxidative potential oxidises water to create hydroxyl radicals. It can 
also oxidise oxygen or organic materials directly. Titanium dioxide is thus added to 
paints, cements, windows, tiles, or other products for sterilising, deodorising and anti-
fouling properties and is also used as a hydrolysis catalyst. 
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Nanosized titanium oxide is a useful and diverse biocompatible material widely used in 
paint, toothpaste and cosmetics also. Due to its unique physiochemical properties and 
its tendency to selectively combine with some biomolecules, it is now regarded as a 
promising interface for the immobilisation of a range of haem and metalloproteins.   
Electrochemical studies of these proteins have been investigated at some length since 
fundamental studies of their redox behavior can be of considerable use towards 
understanding the relationship between the proteins structure and function. 
Protein electrochemistry can be carried out in protein solutions or with surface 
confinement of the molecules. There are a number of restrictive elements which inhibit 
the direct electron transfer between electrodes and proteins. Firstly, electroactive 
prosthetic groups may be buried deep within the proteins structure. Also denaturation of 
the protein as it adsorbs onto the electrodes surface may occur. Secondly, the proteins 
surface charges do not present an organized and symmetrical distribution. These factors 
combine to produce, in many cases, a low rate of electron transfer. This problem has 
been challenged in the past by the addition of mediators or promoters. It has been 
generally demonstrated that the introduction of such molecules is likely to favor the 
orientation of protein molecules over the surface of the electrode 16. 
The electrochemical investigation of proteins in solution can also present interfering 
factors.   Large volumes of protein sample need to be used in this kind of experimental 
procedure and proteins are costly and time consuming to produce. Also, proteins have a 
strong tendency to adsorb onto surfaces and it can therefore be problematic in 
distinguishing between surface adsorbed species and free solution species. So using 
surface confined techniques to immobilise redox protein molecules onto electrode 
surfaces whilst retaining their biological and electrochemical integrity has been the 
main thrust in this area of research 17.   
It has been reported that TiO2  particles may react favorably with some groups on the 
proteins surface which may facilitate less denaturation. Work continued in this area 
leading to the investigation of molecules such as cytochrome c, haemoglobin and 
myoglobin being immobilised onto nanosized TiO2  films 18, 19.   
Mesoporous oxides in the form of thin films are relatively stable in aqueous 
environments and are versatile for a wide range of applications in sensors. Considerable 
interest in TiO2 films exists predominantly due to their application in hydrophilic 
coatings, and as pigments as previously mentioned.  
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There have also been several previous reports on the immobilisation of biological redox 
systems such as oligonucleotides and DNA, haem proteins or redox enzymes in 
titanium dioxide and other metal oxide hosts such as manganese dioxide and tin dioxide 
20. By combining a rigid host structure, prepared for example from metal oxide 
nanoparticles of appropriate size, and a more fragile biological system, novel functional 
composite materials can be obtained.  
 
 
6.4 Method for the construction of ITO/TiO2 films 
incorporating Cytochrome P450. 
 
Reagents 
 
A suspension of 40nm diameter TiO2 particle (TAYCA Corporation Lot No. 6530J 
AMT-600) was prepared by sonnicating in methanol for 1hour (20 kHz Fisherbrand 
Ultrasonic bath). Suspensions in methanol were stable for several hours but underwent 
slow sedimentation which was found to be accelerated in the presence of water. 
 
Protein solutions were prepared in aqueous 50mM phosphate buffer at pH 7.4. All 
solutions were prepared using deionised water.  
 
All chemical reagents were obtained commercially from Aldrich and were used without 
any further purification.  
 
 
 
Instrumentation 
 
Electrochemical experiments were carried out on a PGSTAT 30 Autolab system ( Eco 
Chemie, Netherlands) in a standard three electrode cell set up as described in detail in 
chapter 3. The reference electrode was silver / silver chloride saturated with potassium 
chloride electrolyte. The counter electrode was gold wire.  
The working electrodes were prepared from tin doped indium oxide (ITO) coated glass  
with a resistivity of 15Ohm/square.  ITO glass from Image Optics Ltd, Basildon.UK. 
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The glass was cut approximately 40mm x 10mm. It was then thoroughly rinsed in 
ethanol and milliQ and calcined at 500ºC for 30mins in a furnace (Elite Tube) to 
thoroughly clean the electrodes.  
For the Scanning Electron Microscopy (SEM), a JEOL JSM6310 system was used. The 
UV/Vis spectra for the evaluation of solution sample concentrations were obtained with 
a Helios γ spectrometer from Thermo Electron Corp, UK. The temperature for all 
experiments was 22  ± 2ºC. 
 
 
Procedures and electrode design 
 
 
A suspension of the 40nm TiO2 particles was achieved by preparing a 3% wt solution 
on methanol and sonicating as previously described. A clean ITO electrode was then 
dipped into the suspension for 1 minute. Retracted and the methanol was allowed to 
evaporate leaving behind a well defined and uniform layer of TiO2. This deposition 
process was repeated in order to build up several layers of TiO2 particles. The required 
number of layers of particles could be adjusted to allow variation in film thickness.  
The resulting film was then calcined in air at 500ºC for 1 hour which aided adhesion 
and removed impurities and moisture.  
The electrodes were then left to cool for about 10mins.  
 
 
Protein absorption 
 
The films were then soaked in a known concentration of protein in PBS (50mM pH7.4) 
overnight. After soaking the films were taken out and rinsed in water.  
Protein samples were taken from storage at -80ºC following the expression and 
purification process. Glycerol was added to prevent freezer damage. The protein and 
glycerol stock were run through a PD10 column packed with Sephadex™ G-25 
Medium from Amersham Biosciences, to remove the glycerol. 
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Protein adsorption involved equilibrating the TiO2 modified electrode in a solution of 
protein of a known concentration which was determined during the purification process 
as previously described in chapter 3. 
 
 
6.5 Results and discussion 
 
 
6.5.1 Deposition and Characterisation of Nanoparticulate TiO2 Film 
Electrodes 
 
Firstly, the TiO2 only films were investigated. The homogenous adsorption of the 
Cyp101 protein was achieved by using TiO2 films prepared with 40 nm diameter 
particles. The particle size allowed adsorption of the protein into the large pores and 
throughout the film and both the redox protein and the TiO2 substrate contributed to the 
electrochemical characteristics of the film. After formation of the multi-layer TiO2 at 
the electrode surface, a calcination step of 1 hour at 500ºC in air was employed to 
further improve adhesion. The heat treatment served to remove all organic components, 
thus reducing the possibility of film contamination.  The characteristic electrochemical 
reduction response of the immobilised TiO2 nanoparticles immersed in aqueous 50mM 
phosphate buffered saline is shown in the Figure 55. 
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Figure 55.  Cyclic Voltammograms  (scan rate 0.1 Vs -1) for a 1cm2 electrode 
coated with 2 to 40 layer films of 40 nm diameter TiO2 particles (followed 
by calcination) immersed in aqueous phosphate buffered saline pH 7.4 and 
degassed with argon. 
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Figure 56.  Plot to show the increase in peak current of increasing layered 
thicknesses of 40 nm diameter TiO2 particles (followed by calcination) 
immersed in aqueous phosphate buffered saline pH 7.4 and degassed with 
argon. 
The characteristic reduction process was predominantly capacitative in nature, 
demonstrated in Figure 56. Fabregat-Santiago and co workers suggested that a crucial 
characteristic of nanoporous semiconductor electrodes is the ability to accumulate a 
large number of injected electron charges in the solid matrix 21. This capacatative effect 
was very marked in 30 and 40 layer films.  This may have been due to the large 
accumulation of TiO2 nanoparticles aggregating as the layers increased. This is seen 
more clearly in the following imaging data of Figures 57 to 61.    
It was observed that the increase in charge was approximately proportional to the 
number of depositions or layers of TiO2 particles on the electrode. The topography of 
the TiO2 particle deposits was characterised by scanning electron microscopy (SEM) 
which clearly showed aggregated deposits of particles as opposed to a thin homogenous 
film.  
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6.5.2 Imaging of Nanoparticulate TiO2 Film Electrodes by Scanning 
Electron Microscopy (SEM). 
 
The electrodes were prepared as previously described in this chapter. The electrodes 
were then coated in a thin layer of gold prior to imaging. The surface was scratched in 
order to image the edge of the TiO2  nanoparticles in figures 58 and 59. 
 
 
 
 
Figure 57.  Scanning Electron Microscopy Image (SEM) of a 3 layer deposit 
of 40nm TiO2  nanoparticles  at an ITO electrode surface.  Top view. 
 
 
 
 
 
Figure 58.  Scanning Electron Microscopy Image (SEM) of a 3 layer deposit 
of 40nm TiO2 nanoparticles  at an ITO electrode surface. Edge view.  
 
156 
 
 
 
 
 
Figure 59.  Scanning Electron Microscopy Image (SEM) of a 3 layer deposit 
of 40nm TiO2 nanoparticles  at an ITO electrode surface.  Edge view. 
 
 
 
 
 
 
Figure 60.  Scanning Electron Microscopy Image (SEM) of a 3 layer deposit 
of 40nm TiO2 nanoparticles  at an ITO electrode surface. Top view. 
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Figure 61.  Scanning Electron Microscopy Image (SEM) of a 3 layer deposit 
of 40nm TiO2 nanoparticles  at an ITO electrode surface. Top view. 
 
 
Figures 57 and 58 clearly show the layer effect of the titanium oxide nanoparticles on 
the glass surface. The layers are not particularly ordered as would be expected by 
manually dipping the ITO glass into the TiO2 nanoparticulate suspension and figures 59 
and 60 show the porous structure of the particles on the electrode surface. This is 
particularly evident from the higher magnification in figure 61. It is likely that the 
proteins absorbed homogeneously into this porous matrix. This figure also shows the 
somewhat random deposition of the TiO2 nanoparticles onto the electrode surface 
which creates great difficulty in the exact identification of film thickness. This 
particular film has three depositions of 40 nm particles each which would suggest a 
thickness of 120 nm. However, due to the action of immersion and withdrawal, the 
films do not appear to be organised in homogenous 40 nm layers. The lack of order in 
the layers seemed to increase proportionally with the number of layers deposited.   
Figure 57, although at a lower magnification, clearly showed the ‘wave like’ formation 
of the layers. This may have been due to the slow withdrawal of the electrode from the 
TiO2 nanoparticle suspension and the drying of the methanol in air. However, the 
immobilisation of the TiO2 nanoparticles onto the electrode surface was permanent 
although in clusters. The porous clusters enabled successful adsorption of the protein. 
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6.5.3 Putative Immobilisation and Reactivity of Cytochrome P450 in 
TiO2 Film Electrodes. 
 
The TiO2 film electrodes were then immersed overnight in a solution of 1 mg mL-1 
protein in 50mM phosphate buffered saline at pH 7.4 and kept at 4ºC and covered to 
prevent any possible evaporation or contamination. Two reduction peaks can clearly be 
seen in Figure 62. 
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Figure 62.   Cyclic voltammograms obtained (scan rate 0.1Vs-1) from (i) 
first scan (ii) second scan for the reduction of adsorbed protein on an ITO 
electrode covered with 3 layers of 40 nm diameter TiO2 particles.  
The film was immersed overnight in an aqueous solution of 1 mg mL-1 P450 
protein and phosphate buffered saline pH 7.4. The electrode was thoroughly 
rinsed before the experiments were performed to remove any residual protein.  
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6.5.4 Investigations of reduction responses of Cytochrome P450 
adsorbed into multi layer TiO2 host films. 
 
The reduction response of the protein was then investigated in more detail. The 
following figures show cyclic voltammograms obtained in phosphate buffered saline 
solution, pH 7.4 for film electrodes ranging from 2 layers to 20 layers. The cyclic 
voltammograms showed more than one peak depending on the presence or absence of 
the protein in the film. The source of the peaks was investigated further.  The peaks 
were identified as likely to be from separate processes.  
 
 
6.5.5 Reduction Process 1 
 
There were two clear observable reduction peaks (Figure 63) in these experiments 
which may have arisen from two putative mechanisms.  Firstly, process one will be 
looked at in more detail. 
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Figure 63.  Reduction process 1.  Scan 2 of 10 scans for a 10 layer TiO2 film 
electrode.  Cyclic voltammograms (scan rate 0.1 V s -1) obtained for the 
reduction of protein immobilised in a 3 layer TiO2 on ITO electrode.  
Voltammograms were obtained in aqueous 50mM phosphate buffered saline pH 
7.4 prior to voltammetric experiments, electrodes were immersed in a solution 
of 1mg mL-1 of protein overnight.  
 
This process was absent during the first excursion as shown in Figure 64, but became 
apparent on the second and subsequent cycles during cyclic voltammetry.  
 
 
 
Process 1 
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Figure 64. Scan 1 of 10 scans for a 10 layer TiO2 film electrode. Cyclic 
voltammograms (scan rate 0.1 V s -1) obtained for the reduction of protein 
immobilised in a 10 layer TiO2 on ITO electrode.  
Voltammograms were obtained in aqueous 50mM phosphate buffered saline pH 
7.4 prior to voltammetric experiments, electrodes were immersed in a solution 
of 1mg mL-1 of protein overnight. 
 
On the second cycle, process 1 became apparent and this was followed by a very strong 
enhancement in cycle 2 which was followed by a decay of the signal during subsequent 
cycles as observed from scans 2 to 10 shown in Figure 65.  
 
 
 
 
 
 
162 
-0 .8 -0 .6 -0 .4 -0 .2 0 .0 0 .2
-6x10 -5
-4x10 -5
-2x10 -5
0
2x10 -5
4x10 -5
i/A
E /V vsA g /A gC l
 
 
Figure 65.  Scans 2 to 10 for a 10 layer TiO2 film electrode. Cyclic 
voltammograms (scan rate 0.1 V s -1) obtained for the reduction of protein 
immobilised in a 10 layer TiO2 on ITO electrodes.  
Voltammograms were obtained in aqueous 50mM phosphate buffered saline pH 
7.4 prior to voltammetric experiments, electrodes were immersed in a solution 
of 1mg mL-1 of protein overnight. 
 
This strongly suggested that the protein was indeed adsorbed within the matrix of the 
TiO2 films and further suggests that the protein was likely to have been accessed after 
the first reduction cycle. The reactivity of the redox protein immobilised within the 
TiO2 electrode appeared to be effected by the conductivity of the host matrix. It seemed 
that only the first reduction process was associated with the direct transfer of electrons 
from the ITO electrode surface to the immobilised P450 protein. The second reduction 
process seemed to require conduction of electrons from within the TiO2 matrix. Figure 
66 shows a schematic interpretation explaining the possible pathway for the reduction 
current during process 1. This may also explain the difference in the effect of film 
thickness on the voltammetric responses for processes 1 and 2 which are considered 
later in this chapter.  
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ITO electrode       TiO2 nanoparticle matrix incorporating protein. 
 
Figure 66. Schematic drawing of the electron transport via direct transfer 
from the ITO electrode which may take place in process 1.  
This process may be considered as a ‘short range’ electron transport mechanism, 
shown in Figure 66. 
 
This process may be identified as: 
 
Process 1 short range:      
Fe (III) (Haem)    +    e- (ITO)                 Fe (II) (Haem)   
 
It is important to remember here that this process does not take place during the first 
excursion during cyclic voltammetry. Next, process 2 will be looked at in more detail.  
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6.5.6 Reduction Process 2 
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Figure 67. A second reduction process was observed at an approximate 
potential of between -0.5 and -0.6 V vs Ag/AgCl.  
 
This reduction was comparatively small for a 3 layer TiO2 film but enhanced for a 10 
layer film. This is shown in more detail later in this chapter.  
This second reduction process may be identified as the Fe (III/II) process associated 
with electron conduction through the bulk TiO2 film or ‘long range’ electron transport 
mechanism shown in Figure 68. 
This second reduction process requires the transport of electrons through the porous 
TiO2 matrix and therefore occurs at a more negative potential at which a sufficient 
concentration of electrons is available in the TiO2 matrix. 
 
 
 
 
       Process 2 
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        ITO electrode       TiO2 matrix with protein 
 
Figure 68. Schematic drawing of the electron transport via the conduction 
through the TiO2 host material matrix containing the haem centered 
protein.  
 
Process 2 long range:       
Fe (III) (Haem)    +    e- (TiO2)                 Fe (II) (Haem)  
 
 
For both 3 layer and 10 layer TiO2 film electrodes, the second reduction process is 
pronounced only during the first potential cycle and then gradually disappears during 
subsequent cycles. This loss of signal is unlikely to be associated with the loss of 
protein from the porous TiO2 structure but more likely to be associated with the 
irreversibility of electron transfer in the system.  
Figure 69 shows an electrode exposed to several potential cycles displays essentially 
full recovery of the electrochemical activity when stored in aqueous phosphate buffered 
saline (pH 7.4) for a number of days. This shows typical voltammograms before and 
after recovery. A 10 layer TiO2 film immersed in protein was stored overnight in buffer 
at 4ºC following a series of experiments and allowed to recover. The electrode was then 
thoroughly rinsed. The results were then compared with the same scanning conditions 
for a freshly prepared 10 layer electrode.   
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Figure 69. Cyclic Voltammogram (scan rate 0.1Vs -1) showing scan 1 for the 
reduction of protein in a TiO2 film immersed in 50mM phosphate buffered 
saline (pH 7.4).  
(i) With a freshly prepared electrode and (ii) with a used electrode following 
recovery.  
 
This strongly suggested that the protein was permanently bound and any observed loss 
of electrochemical activity seemed to be temporary and more likely to be linked to 
conductivity effects in the TiO2 host material. It is also important to consider the 
electron transfer processes in the native state of P450 proteins here.  The protein must 
be highly inert towards oxygen in order to prevent dangerous radical species from being 
formed in vivo and to prevent loss of native activity, so the observed irreversibility 
would be expected.   
 
Next, the effects of scan in this system were considered.  
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6.5.7 The effects of increasing scan rate on peak potential of P450 
protein adsorbed onto TiO2 host electrodes. 
 
The observed processes for protein immobilised in TiO2 host films were dependent on 
the scan rate applied in the voltammetric set up. Figure 70 shows voltammograms 
obtained from the reduction of protein immobilised in a 5 layer film.  The peak currents 
for all the observed processes increased approximately linearly with the scan rate.  
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Figure 70. Cyclic voltammograms at increasing scan rates for the reduction 
of protein immobilised in a 5 layer TiO2 film electrode immersed in 50mM 
phosphate buffered saline (pH 7.4).  
The film was 24 hours old.  
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Figure 71. Peak current at increasing scan rates for the reduction of protein 
immobilised in a 5 layer TiO2 film electrode immersed in 50mM phosphate 
buffered saline (pH 7.4).  
 
 
These results tell us that the proteins may have been immobilised onto the surface of 
the 40nm TiO2 nanoparticles matrix, this may suggest that the newer films (24 hours) 
had some residual protein which was exposed to electrochemical reduction; however 
the older films appeared to have protein buried deep inside the TiO2 matrix which was 
more likely to be immobilised. It was also likely that process 1 reduction took place 
close to the top layers of the TiO2 matrix.  
Next, the effects of how long the protein was exposed to the films and the thickness of 
the films were considered.  
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6.5.8 Effects of time and layer thickness on the peak reduction 
currents of P450 protein in TiO2 nanoparticle host electrode 
material.   
 
The observed redox processes for protein immobilised in a TiO2 host film appeared to 
be dependent on film layer thickness so the observed effect of how long the protein 
stayed in the film was examined.  
The following figures show the effects on both processes and the resulting effects due 
to film layer thickness and the number of days the protein stayed active in the film.  
All films were immersed in a solution of protein in phosphate buffered saline (pH 7.4) 
overnight at 4ºC. The films were then removed from the protein solution and 
thoroughly rinsed to remove any residual surface protein. An increase in peak reduction 
current in processes 1 and 2 with the addition of TiO2 nanoparticle layers was observed. 
As was an increase in peak reduction current with the number of days the protein stayed 
in the films. This was particularly marked in process 1.  
The 24hour film showed significantly smaller reduction peaks in all layered thicknesses 
from 2 to 50 layers (figure 6.21). However, a significant increase in reduction peak 
current was observed in process 1 after 13 days in all thicknesses of film (figure 6.22).  
Firstly, the effects of the first and second scans, shown in Figures 72 and 73, with 
regard to increasing layered thicknesses were looked at.  
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Figure 72.  Cyclic voltammograms showing the reduction of protein 
immobilised in 40nm TiO2 particle film electrodes from the first scan at 
increasing layer thickness, 3, 10, 30 and 50 layers.  
Scan rate100 mVs-1.  
 
The films were immersed in de gassed 50mM phosphate buffered saline (pH 7.4). The 
experiments were carried out 24hours after immersion in the protein solution.  
 
 
 
 
 
Scan 1 
171 
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
-3x10-4
-3x10-4
-2x10-4
-2x10-4
-1x10-4
-1x10-4
-5x10-5
0
5x10-5
1x10-4
1x10-4
2x10-4
2x10-4
i/A
EV vs Ag/AgCl
 
Figure 73. Cyclic voltammograms showing the reduction of protein 
immobilised in 40nm TiO2 particle film electrodes at increasing layer 
thickness, 3, 10, 30 and 50.  
Scan rate100 mVs-1.  
 
The films were immersed in de gassed 50mM phosphate buffered saline (pH 7.4). The 
experiments were carried out 13 days after immersion in the protein solution.  
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Figure 74.   Plot to determine peak height of process 1 and 2 from the 
reduction of protein immobilised in 40nm TiO2 nanoparticle films at 
increasing layer thickness.  
Scan rate 100mVs-1. The films were immersed in de gassed 50mM phosphate 
buffered saline (pH 7.4). The experiments were carried out 13 days after 
immersion in the protein solution.  
 
 
It is interesting to note from Figure 74, that the magnitude of the voltammetric response 
for process 1 increases upon increasing the number of TiO2 layers and that the increase 
in process 2 is considerably less.  
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Below is a plot to determine the increase of reduction peak for process 1 on increasing 
the number of days the protein has been in the TiO2 matrix.  
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Figure 75.  Plot to determine peak height of process 1 from the reduction of 
protein immobilised in 40nm TiO2 nanoparticle films at increasing number 
of days old. 
 
 
The 24 hour 40nm TiO2 particle film with immobilised P450 protein (data not shown) 
did not exhibit any linearity in any of the different layered thicknesses. However, the 
12, 20 and 35 day old films demonstrated an approximate linear relationship between 
peak reduction height and layered thickness as shown in Figure 75. The peak reduction 
current for process 1 increased with the number of layers and the number of days the 
protein stayed immobilised within the TiO2 matrix, however, there was little correlation 
between increased reduction peak and number of days old after 10 days.  
These results illustrated that this process was essentially irreversible and left the protein 
intact for electron transfer processes to occur some considerable time after the 
ITO/TiO2 film electrode was exposed to the protein. It was therefore likely that the 
protein migrated through the TiO2 matrix and became embedded, but more importantly, 
was still redox active.  
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The immobilisation of cytochrome P450 proteins in 40nm diameter TiO2 nanoparticle 
films resulted in reproducible and stable electrodes which displayed characteristic Fe 
(III/II) reduction responses. The immobilisation process may have occurred due to the 
electrostatic interaction between the phosphate coated (negatively charged) TiO2 matrix 
and the positively charged patches on the surface of the P450 protein.  Previous work 
has shown that P450 CYP101 protein has an equal number of acidic and basic residues. 
However, there is an inequality in the surface distribution of the charged residues, such 
that the side distal to the haem group is heavily anionic and the proximal side has a few 
cationic clusters amongst the anionic residues 23.  So in reality, it would be extremely 
difficult to identify the precise orientation of the protein as it lies within the TiO2 host 
material.     
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6.6 Chapter Summary 
 
The reactivity of redox systems immobilised in TiO2 films was shown to be strongly 
associated with and affected by the conductivity of the host matrix. It would appear that 
only process 1 was associated with the direct electron transfer of electrons from the 
ITO electrode surface into the TiO2 matrix and eventually to the immobilised protein.  
Process 2 appeared to require conduction of electrons within and from the TiO2 matrix 
which was capacitative in nature.  
It has been shown that P450 protein was electrostatically accumulated into porous TiO2 
host films with a sufficiently large pore size. It has also been shown that this process 
was essentially irreversible and left the protein intact for electron transfer processes to 
occur.  
Two distinct reduction processes were apparent and were associated with   direct and 
reversible reduction of the protein in the vicinity of the ITO electrode surface and also 
indirect reduction was observed via conduction through the TiO2 matrix.  
However, although the  voltammetric signals observed here are thought to be the Fe 
(III) to Fe (II) reduction of the haem unit in P450, it is important to keep in mind that 
overall, the mechanisms for the reduction of haem within P450 are complex and not 
well understood and more work would be required to resolve this.  
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7.1 Conclusions 
 
This project encompassed a number of key areas. Firstly, two functional Cytochrome 
P450 proteins were produced. Cyp101 from the bacteria Pseudomonas Putida by 
extraction and purification. Secondly, Cyp6g1 from the fruit fly Drosophila 
Melanogaster by an extraction method which yielded functional microsomal proteins. It 
was crucial to determine the purity of the extraction and purification processes at each 
step and most importantly, that both processes yielded functionally active proteins with 
structural integrity. The success of this protein production process allowed further 
experimental stages to go ahead.  
The investigation of microsomal P450 proteins from the fruit fly Drosophila 
Melanogaster and their associated substrate biotransformation mechanisms were then 
shown in detail.  This particular proteins’ activity was probed using both 
electrochemical and fluorescent methods and focused on the P450 gene intrinsic in 
metabolic resistance in the fly.  
Most importantly here, the work presented the first electrochemical study of the 
microsomal Cytochrome P450 protein Cyp6g1 from the fruit fly Drosophila 
Melanogaster. The extraction of microsomes containing this protein from two different 
fly strains was described. The electrochemical measurements of the biotransformation 
of substrate methoxy-resorufin ether allowed the effects of the over transcription of a 
single gene Cyp6g1 to be investigated. This proved to be an effective way of directly 
following substrate metabolism and compared well with what is already known about 
the genetic differences in the two strains of Drosophila.  
The results reinforced the findings from the fluorescence study of the substrate 
metabolic product. Similar electrochemical approaches in tandem with fluorescent 
measurements will therefore be useful in further investigations of other xenobiotic 
metabolising P450s.  
The next chapter investigates microsomal P450 proteins from the fruit fly on an 
electrode surface.  
The project then went on to look at the reactivity of redox systems immobilised in TiO2 
films. This was shown to be strongly associated with and affected by the conductivity 
of the host matrix. Two distinct reduction processes were apparent and were associated 
with direct and reversible reduction of the protein in the vicinity of the ITO electrode 
surface and also indirect reduction was observed via conduction through the TiO2 
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matrix. It was also shown that this process was essentially irreversible and left the 
protein intact for electron transfer processes to occur.  
However, although the  voltammetric signals observed here were considered to be the 
Fe (III) to Fe (II) reduction of the haem unit in P450, it is important to keep in mind 
that overall, the mechanisms for the reduction of haem within P450 are complex and 
not well understood and more work would be required to resolve this.  
 
 
 
7.2 Outlook 
 
Recent work has shown that both methaemoglobin and Cytochrome P450 proteins are 
likely to denature at an SnO2 electrode surface and the observed electrochemical 
responses are likely to be the voltammetric response of Fe 3+ released from the 
denatured protein.  However, the mechanisms involved in this process are not clear and 
work continues in this area 1. Similar work carried out by Brusova et al suggested that 
haem, which may be fully or partially removed from the protein entrapped in argarose 
hydrogel films, was likely to be responsible for observed electrochemical reactions 2, 3.  
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8 Appendices 
 
 
Appendix I - Methoxy Resorufin Ether as an electrochemically active biological probe 
for Cytochrome P450 O – demethylation 
 
Appendix II - The effects of conductivity and electrochemical doping on the reduction 
of methemoglobin immobilised in nanoparticulate TiO2  films 
 
